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       Eukaryotic promoters are inherently bidirectional and allow RNA Polymerase II to 
transcribe both coding and noncoding RNAs. Dynamic disassembly and reassembly is a 
prominent feature of nucleosomes around eukaryotic promoters. While H3K56 
acetylation (H3K56Ac) enhances turnover events of these promoter-proximal 
nucleosomes, the chromatin remodeler INO80C ensures their proper positioning. In my 
dissertation, I explore how chromatin dynamics regulate transcriptional homeostasis. In 
the first part, I investigate the role of H3K56Ac on the nascent transcriptome throughout 
the eukaryotic cell cycle. I find that H3K56Ac is a global, positive regulator for coding 
and noncoding transcription by promoting both initiation and elongation/termination. On 
the contrary, I find that H3K56Ac represses promiscuous transcription following 
replication fork passage by ensuring efficient nucleosome assembly during S-phase. In 
addition, I show that there is a stepwise increase in transcription in the S-G2 transition, 
and this response to gene dosage imbalance does not require H3K56Ac. This study 
clearly shows that a single histone modification, H3K56Ac can exert both positive and 
negative effects on transcription at different cell cycle stages. In the second part, I 
investigate the role of the chromatin remodeler INO80C on the nascent transcription 
around replication origins. I show that INO80C, together with the transcription factor 
Mot1, prevents cryptic transcription around yeast replication origins, and the loss of these 
proteins lead to an increase in DNA double strand breaks. I hypothesize that recruitment 
of INO80C ensures proper positioning of nucleosomes around origins and the exclusion 
	 viii	
of RNA Pol II to prevent cryptic initiation. Together these findings indicate that 
H3K56Ac regulates transcription globally by enhancing nucleosome turnover, and it 
prevents cryptic transcription and reinforces transcriptional fidelity by promoting 
efficient nucleosome assembly in the S-phase. In addition, INO80C maintains genome 
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I-A. INTRODUCTION TO TRANSCRIPTION 
 
       Transcription is the first step in eukaryotic gene expression. It can be defined as the 
production of nascent RNAs from DNA that encodes our genetic information. Since any 
misregulation in transcription can disturb the balance in transcript levels and could be 
carried into the translation step, which is the production of proteins, it is also the most 
highly regulated step of eukaryotic gene expression. In eukaryotes, there are three RNA 
polymerases (Pol), RNA Pol I (production of ribosomal RNAs), RNA Pol II (production 
of mRNAs and polyadenylated non-coding RNAs), and RNA Pol III (production of 
tRNAs and rRNAs); and all three together transcribe the eukaryotic genome. Initial 
studies on transcription focused on how RNA polymerases can produce nascent RNAs 
from DNA templates, more specifically production of mRNAs by RNA Polymerase II. 
However, advanced sequencing techniques for nascent transcription led to the discovery 
that RNA Pol II is very promiscuous and transcribes almost the entire eukaryotic genome 
in both sense and antisense directions, resulting in different classes of nascent transcripts 
(Figure 1.1).  
       Traditionally, transcription is divided into three phases: initiation, where RNA Pol II 
is recruited to the promoter region and initiates RNA synthesis; elongation, where RNA 
Pol II elongates transcripts in a processive manner; and termination, where both RNA Pol 
II and the transcript disengage from the DNA template. Eukaryotic RNA Pol II is not 
sufficient to initiate transcription (Roeder et al., 1976; Weil et al., 1979), and it requires 
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General Transcription Factors (GTFs) for transcription initiation as well as other proteins 
for regulation of elongation and termination steps (Nikolov and Burley, 1997). 
       To study these transcriptional events, the budding yeast, Saccharomyces cerevisiae 
has been used as a model for decades, due to its conservation with metazoan transcription 
and easy genetic manipulation. Yeast has ~6000 protein-coding genes, which corresponds 
to about 90% of the yeast genome, and transcription of all these genes is performed by 
RNA Pol II. This dissertation will focus on how changes to chromatin, via the actions of 
ATP-dependent chromatin remodelers and the effects of histone modifications, can 
globally alter eukaryotic transcription. I will begin by introducing the general steps of 
transcription and the dynamic interplay between chromatin and transcription. I will 
conclude with regulation of coding and noncoding transcription by chromatin. 
  
I.A.i. Transcription Initiation and Early Elongation 
 
       Transcription starts with the assembly of a large protein complex called the Pre-
Initiation Complex (PIC) in the promoter region, upstream of the Transcription Start Site 
(TSS) (Figure 1.2, see Step 2). The PIC generally consists of RNA Pol II and the GTFs, 
TFIIA, TFIIB, TFIID (including TATA-binding protein TBP), TFIIE, TFIIF, and TFIIH 
(Buratowski et al., 1989; Flores et al., 1992; Matsui et al., 1980). Both biochemical and 
genetic studies revealed the order by which these factors assemble to form the PIC 
(Buratowski et al., 1989; Conaway and Conaway, 1993; Flores et al., 1992; Roeder, 
1996). Even though all genes require TBP for PIC formation, only ~20% of RNA Pol II 
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genes in yeast have a canonical TATA box, while the remainder is either TATA-less or 
TATA-like (Basehoar et al., 2004). The SAGA (Spt-Ada-Gcn5 acetyltransferase) 
complex recruits TBP to TATA box while TBP arrives as part of TFIID complex in 
TATA-like or TATA-less promoters (Basehoar et al., 2004; Warfield et al., 2017). TFIIA 
stabilizes binding of TBP to TATA box, and formation of this complex recruits TFIIB 
(Weideman et al., 1997). The transition from the initiation to elongation steps requires 
phosphorylation of the C-terminal domain (CTD) of the Rpb1 subunit of RNA Pol II 
(Figure 1.2, see Step 4) (Phatnani and Greenleaf, 2006). The CTD contains multiple 
heptad repeats with a consensus sequence, Y1S2P3T4S5P6S7 that can be phosphorylated at 
several sites, and is repeated 26 times in budding yeast and 52 times in humans (Corden, 
1990; Hsin and Manley, 2012; Phatnani and Greenleaf, 2006). Distinct sets of proteins 
bind two major phosphorylation sites on the CTD, Serine 2 and Serine 5, to regulate 
transcription. However, recent studies show the importance of other phosphorylation sites 
such as Tyrosine 1 and Serine 7 as regulatory sites for other transcriptional stages 
(Czudnochowski et al., 2012; Egloff et al., 2007; Shah et al., 2018).  
 
       Apart from GTFs, Mediator complex, transcriptional activators, and chromatin 
remodeling enzymes are involved in recruitment of RNA Pol II and regulate the escape 
from promoter regions. The CTD is phosphorylated at Serine-5 by the Cdk7 subunit of 
TFIIH (Kin28 in yeast), which is thought to destabilize the interactions between RNA Pol 
II and the other factors bound at the promoter region to facilitate the promoter escape 
(Feaver et al., 1994). Specifically, mediator complex binds to unphosphorylated RNA Pol 
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II and helps recruit TFIIH. In return, the phosphorylation of Ser 5 by TFIIH induces 
dissociation of mediator from RNA Pol II (Sogaard and Svejstrup, 2007). Some of the 
key transcriptional events such as binding of mRNA capping enzymes also require this 
CTD modification (Fabrega et al., 2003). Promoter escape in higher eukaryotes is often 
disrupted by pausing of the RNA Pol II elongation complex downstream of the 
transcription start site, known as promoter-proximal pausing. This pause is a major 
difference between yeast and metazoans for early elongation and it was first identified in 
Drosophila melanogaster and humans (Krumm et al., 1992; Rasmussen and Lis, 1993). 
Promoter-proximal pausing is identified as pausing of RNA Pol II 30-100 bps 
downstream of TSS and it occurs when the major regulators of this pause, Negative 
Elongation Factor (NELF) and DRB Sensitivity Inducing Factor (DSIF) interact with 
RNA Pol II and work together to temporarily inhibit transcription (Adelman and Lis, 
2012; Cheng and Price, 2007; Palangat et al., 2005; Renner et al., 2001; Yamaguchi et al., 
1999). To restart transcription, P-TEFb, a cyclin-dependent kinase, phosphorylates the 
Spt5 subunit of the DSIF and NELF complexes, which in turn, causes dissociation of 
NELF from the paused complex and converts DSIF into a positive elongation factor 
(Fujinaga et al., 1998; Ivanov et al., 2000). NELF is conserved in metazoans, but is not 
present in budding yeast, although similar regulatory events occur at the early elongation 
step in yeast by ensuring that nascent RNAs are capped, which is partially regulated by 





Figure 1.1: General steps of a typical eukaryotic transcription 
 
1. A typical eukaryotic transcript is initiated from an NFR (nucleosome free region). 2. 
PIC is assembled through binding of RNA Pol II and GTFs. 3. Transcription is initiated. 
4. CTD of RNA Pol II is phosphorylated at Serine 5 and early elongation occurs. 5. 
Productive elongation occurs throughout the gene body through phosphorylation at 
Serine 2 of the CTD. 6. Transcription termination occurs through the binding of 
termination factors. 7. RNA Pol II is released from DNA template and recycled for the 
new transcription cycles. Adapted from (Fuda, NJ, Ardehali, MB, Lis, JT. 2009. Defining 
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I.A.ii. Productive Elongation 
 
       Bur1 kinase (P-TEFb in mammals) phosphorylates RNA Pol II CTD at Ser2 to 
initiate productive elongation and correspondingly, phosphorylated Ser2 (Ser2P) levels 
peak in the transition from early to productive elongation (Figure 1.2, see step 5) (Peterlin 
and Price, 2006). This phosphorylation leads to the recruitment of the histone 
methyltransferase Set2, which methylates H3K36, and the histone deacetylase Rpd3S, 
which in turn, creates a hypoacetylated state behind the elongating RNA Pol II to 
suppress cryptic transcription from gene bodies (Bartkowiak et al., 2010; Carrozza et al., 
2005; Cho et al., 2001; Fuchs et al., 2012; Keogh et al., 2005). Productive elongation is a 
highly dynamic process since RNA Pol II often pauses due to encounters with roadblock 
proteins or to correct the errors that happen during transcription. Several elongation 
factors, including TFIIS, help RNA Pol II to overcome these pauses. TFIIS is a 
transcriptional elongation factor, initially discovered in both human and yeast cells 
(Natori et al., 1973; Sawadogo et al., 1980). It forms a complex with RNA Pol II to 
stimulate its intrinsic cleavage activity to resume nascent RNA synthesis by causing RNA 
Pol II to backtrack and cleave the extruded 3’ end of nascent RNA (Fish and Kane, 2002; 
Izban and Luse, 1992; Kettenberger et al., 2003; Lemay et al., 2014; Reinberg and 






I.A.iii. Transcriptional Termination 
 
       Transcriptional termination consists of two major events: 3’ end processing of RNA 
and the release of RNA Pol II from the DNA template (Figure 1.2, see Step 7). RNA Pol 
II transcription termination and 3’ end processing require a specific set of proteins to 
engage RNA Pol II as well as distinct sequences on nascent RNAs, even though all 3 
eukaryotic RNA polymerases (RNA Pol I-III) have the ability to cleave RNA in their 
active sites (Chedin et al., 1998; Koyama et al., 2007; Kuhn et al., 2007). Most RNA Pol 
II transcripts are terminated through the canonical Cleavage and 
Polyadenylation/Cleavage Factor (CPF/CF) complex, although some shorter transcripts, 
including small nucleolar RNAs (snoRNAs), utilize the Nrd1/Nab3/Sen1 (NNS) 
complex, a poly-A independent pathway (Steinmetz et al., 2006).  
 
       In yeast, when RNA Pol II transcribes past a polyA site, it pauses frequently, most 
likely to allow recruitment of cleavage and polyadenylation factors (Fusby et al., 2016; 
Lunde et al., 2010), which in turn affect recruitment of termination factors (Kim et al., 
2004b). Several components of CPF/CF complex recognize termination signals in the 3’ 
Untranslated Region (UTR) of nascent transcripts (Porrua et al., 2016; Porrua and Libri, 
2015). Specifically, the Pcf11 subunit recognizes phosphorylated Ser2, and leads to 
cleavage of nascent RNA by the endonuclease Ysh1, another subunit of the CPF complex 
(Kuehner et al., 2011; Meinhart and Cramer, 2004; Mischo and Proudfoot, 2013; Porrua 
and Libri, 2015). After cleavage of nascent RNA, polyA polymerase Pap1 adds 
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adenosines to form a polyA tail and this newly formed tail recruits polyA-binding 
proteins, Pab1 and Nab2 (Dunn et al., 2005; Hector et al., 2002). However, the roles of 
Pab1 and Nab2 in transcription termination are not well understood. Depending on when 
(at which length of polyA tail) they are bound to the polyA tail, they can target the 
nascent transcripts for degradation in the nucleus or transportation into the cytoplasm 
(Dunn et al., 2005; Hector et al., 2002). Pab1 is predominantly localized to the cytoplasm, 
while Nab2 is a nuclear protein that has been reported to target nascent RNAs for 
degradation in yeast (Dunn et al., 2005; Hector et al., 2002).  
 
       Following cleavage of a nascent RNA, RNA Pol II transcribes about 150 nucleotides 
further downstream of the polyA site (Creamer et al., 2011). Mutations in several 
subunits of the CPF/CF complex lead to defects in release of RNA Pol II, providing 
evidence that termination by the CPF/CF complex is required for the release of RNA Pol 
II from DNA (Mischo and Proudfoot, 2013; Sadowski et al., 2003; Schaughency et al., 
2014). However, the interplay between CPF/CF complex-dependent termination and the 
release of RNA Pol II from the DNA template is not well understood. There are currently 
two main models that have been proposed to explain how transcription termination by 
CPF/CF could lead to the release of RNA Pol II. The allosteric model proposes that after 
passing the polyA site, termination factors bound to RNA Pol II induce the dissociation 
of elongation factors, which slowly leads to decreased transcription processivity; and 
thus, transcription termination (Ahn et al., 2004; Kim et al., 2004a; Richard and Manley, 
2009). Indeed, it has been shown that several elongation factors, including subunits of 
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PAF and TREX complexes, dissociate from elongating RNA Pol II before its release 
(Kim et al., 2004a). The other model, known as the “torpedo model”, proposes that after 
the cleavage of a nascent RNA molecule by the CPF/CF complex, the remaining 
uncapped 5’ end protruding from RNA Pol II becomes a target for the RNA exonuclease 
Rat1/Rai1 (Kim et al., 2004b). Rat1/Rai1 (Xrn2 in mammals), which is recruited by the 
3’ end termination factor Rtt103, cleaves nascent RNA until it reaches RNA Pol II and 
causes polymerase to be ejected from the DNA template (Kim et al., 2004b; Vasiljeva et 
al., 2008). This pathway also ensures the prevention of readthrough transcription by 
dislodging RNA Pol II before encountering the next genic location downstream. In 
metazoans, most subunits of CPF/CF are conserved and form a complex called cleavage 
and polyadenylation specificity factor/cleavage factor (CPSF/CF) (Chan et al., 2011; 
Xiang et al., 2014).  
 
       Unlike mRNAs, termination of short noncoding RNAs such as small nucleolar RNAs 
(snoRNAs), small nuclear RNAs (snRNAs), and some cryptic transcripts such as Cryptic 
Unstable Transcripts (CUTs) (which is described in detail below) use the NNS pathway 
to terminate transcription (Steinmetz et al., 2006). The NNS complex consists of RNA-
binding proteins, Nrd1 and Nab3, which bind to short sequences GUAA/G and UCUUG, 
respectively, on nascent RNA as well as the helicase Sen1, which translocates on the 
nascent RNA to compete with elongating RNA Pol II and trigger the termination of 
cryptic transcription (Carroll et al., 2007; Nedea et al., 2008; Vasiljeva and Buratowski, 
2006; Wlotzka et al., 2011). Since CUTs can emerge in both sense and antisense 
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directions, and lead to transcriptional interference with protein-coding transcripts, early 
termination of these cryptic transcripts is important. One of the key steps to ensure early 
termination is the recognition of phosphorylated Ser5 on the CTD, which is a marker for 
early transcriptional elongation, by Nrd1 (Heo et al., 2013; Kubicek et al., 2012; 
Vasiljeva et al., 2008). Binding of Nrd1 to RNA Pol II leads to recruitment of the 
polyadenylation complex Trf4-Air2-Mtr4 (TRAMP) through interaction between Nrd1 
and Trf4 (Tudek et al., 2014; Vasiljeva and Buratowski, 2006). Recruitment of TRAMP 
and polyadenylation of cryptic transcripts is crucial for them to be targeted by the nuclear 
exosome (Tudek et al., 2014; Vasiljeva and Buratowski, 2006). Cryptic transcripts in 
metazoans, such as Promoter Upstream Transcripts (PROMPTs), are terminated through 
the metazoan nuclear exosome, which shares similarities with the pathway yeast utilizes 
to terminate cryptic transcripts (Davidson et al., 2019; Szczepinska et al., 2015). 
 
I.A.iv. Architecture of the Promoter Region 
 
       In general, the promoter region is considered as a nucleosome-free region (NFR) or a 
nucleosome-depleted region (NDR), due to a lack or depletion of nucleosomes, and this 
is critical for RNA Pol II and general transcription factors to access promoter region. 
Multiple in vitro and in vivo studies provide evidence that both cis factors such as 
polyA:T sequences, and trans factors such as chromatin remodelers and GTFs play 
important roles in the formation of a nucleosome-free promoter region (Lai and Pugh, 
2017; Rando and Ahmad, 2007; Segal and Widom, 2009). 
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       Eukaryotic promoters are inherently bidirectional, thus while there is a PIC formed in 
the sense direction, there is another PIC that can form in the antisense direction in the 
same promoter region (Fig. 1.2). Apart from canonical promoter regions, there are cryptic 
promoter regions located in gene bodies that allow transcription to occur in intragenic 
sense or antisense directions as well (Fig. 1.2). Eukaryotic promoters are bordered by 
well-positioned +1 and -1 nucleosomes. The -1 nucleosome defines the border upstream 
of the TSS. In higher eukaryotes, the +1 nucleosome defines the border downstream of 
TSS. Unlike metazoans, the +1 nucleosome in yeast often occupies the TSS, which is 
~100 bp downstream of the PIC; thus, the PIC is formed and scans downstream to find 
the TSS, but the +1 nucleosome needs to be evicted to allow the transcription initiation. 
Formation of these promoter-proximal nucleosomes is tightly regulated, and they form 
regularly spaced arrays (~165 bp in S. cerevisiae), although nucleosomes further 
downstream of TSS lose this regulation and become “fuzzy” towards the gene body (Cui 
et al., 2012; Jiang and Pugh, 2009). One of the key features of promoter-proximal 
nucleosomes is that they are modified with acetylation at lysine 56 residue of histone H3, 









Figure 1.2:  A typical eukaryotic gene promoter region 
 
A typical eukaryotic promoter is bordered by well-positioned +1 and -1 nucleosomes. 
Two distinct PICs are formed in sense and antisense directions, respectively. Other 
promoters in gene bodies can allow cryptic transcription to occur in both sense and 
antisense directions as well. A key feature of promoter-proximal nucleosomes, 
H3K56Ac, is highlighted in this figure in a gradient (From red to green represents from 
highest to lowest H3K56Ac levels). Frequency of nucleosome turnover is indicated as 
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I.A.v. Different classes of noncoding RNAs 
 
       The eukaryotic genome is promiscuously transcribed by RNA Pol II, and due to the 
inherent bidirectionality of promoters, the genome requires strict regulation of both 
coding and noncoding transcription. Noncoding RNAs (ncRNAs) are products of non-
protein-coding regions that are mostly transcribed by RNA Pol II. They were first 
discovered through mutations in elongation factors in yeast (Kaplan et al., 2003). Yeast 
ncRNAs can range from 200 up to 2000 nucleotides in length, covering regions both 
intergenic and intragenic, and in antisense direction. Antisense transcripts are a class of 
ncRNAs that are transcribed from the strand complementary to the sense strand, which 
transcribes protein-coding genes and some non-coding RNAs. Antisense RNAs and other 
ncRNAs are hard to detect in conventional sequencing experiments due to rapid 
degradation. On the other hand, even though they can be detected in the nascent RNA 
pool via methods such as NET-seq or TT-seq, their function and identity as well as the 
mechanisms regulating their production are still unknown. The first group of ncRNAs 
discovered in yeast is Cryptic Unstable Transcripts (CUTs) (Wyers et al., 2005). CUTs 
are short non-coding transcripts (mostly ~300-500 nt) that are rapidly degraded in wild 
type by the nuclear exosome, but can be detected in strains lacking the nuclear exosome 
or at the nascent transcript level in wild type cells. They are mostly in the divergent 
antisense direction, and sometimes intragenic (Arigo et al., 2006; Davis and Ares, 2006; 
Thiebaut et al., 2006). Initial tiling-array experiments resulted in discovery of 925 CUTs 
in yeast (Xu et al., 2009). CUTs are not degradation byproducts of mRNAs since they are 
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5’ capped, recognized by the NNS pathway and 3’ adenylated by the TRAMP complex to 
be favored by the 3’ to 5’ exonucleolytic degradation of the nuclear exosome (Thiebaut et 
al., 2006; Wyers et al., 2005; Xu et al., 2009). We have recently shown that the levels of 
most CUTs decrease in a rtt109∆ rrp6∆ double mutant, which implicates that loss of 
H3K56Ac suppresses the levels observed in the absence of the nuclear exosome and also 
led to de-repression of neighboring mRNA gene expression that were affected due to 
transcriptional interference by CUTs (Rege et al., 2015).   
 
       Another class of ncRNAs is Stable Unannotated Transcripts (SUTs) (n=~850) that 
are about 750-1000 nucleotides in length, thus longer than CUTs in yeast (Xu et al., 
2009), They are less sensitive to the nuclear exosome degradation machinery, which 
makes them detectable in the steady-state RNA pool. Like mRNA products of protein 
coding genes, the majority of SUTs are targeted by the CPF/CF termination pathway and 
degraded by the 5’-3’ RNA exonuclease Xrn1, although levels of a small group of SUTs 
increase in the absence of nuclear exosome (Fox et al., 2015; Marquardt et al., 2011). 
Another group of ncRNAs are Xrn1-sensitive Unstable Noncoding Transcripts (XUTs), 
and ~1600 XUTs were identified through strand-specific RNA-seq upon loss of the 
exoribonuclease Xrn1 (van Dijk et al., 2011). The majority of XUTs overlaps with SUTs 
and are antisense to mRNAs (van Dijk et al., 2011). Like SUTs and CUTs, XUTs are 
RNA Pol II-derived and polyadenylated as well. Depletion of Nrd1, one of the proteins in 
NNS pathway, leads to stabilization and identification of another class of ncRNAs, called 
Nrd1-Unterminated Transcripts (NUTs) (n=~1500) (Schulz et al., 2013). NUTs are 
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mostly transcribed in the divergent antisense direction and overlap with majority of 
CUTs. Lastly, another group of ncRNAs are Set2-repressed antisense transcripts 
(SRATs) that are mostly prevented via the Set2/Rpd3S pathway, but detectable upon loss 
of Set2 (Venkatesh et al., 2016). SRATs are transcribed from regions that are highly 
enriched with H3K36me3 in wildtype cells, and mostly at the 3’ ends of long genes 
(Venkatesh et al., 2016). Furthermore, this ncRNA suppression mechanism by 
Set2/Rpd3S prevents noncoding transcription from initiating in regions between 3’ ends 
of genes and promoters of the downstream genes (Venkatesh et al., 2016). On the other 
hand, sense transcription is not affected due to increase in SRAT levels (Venkatesh et al., 
2016). SRATs are rapidly degraded through nuclear exosome Rrp6. Consistent with this 
data, set2∆ rrp6∆ or set2∆ xrn1∆ double mutants result in highly stable SRATs 

















       The eukaryotic genome is packaged into chromatin in the form of nucleosomal 
arrays. ~147 bp of DNA wraps around two copies of each of the four core histones, H2A, 
H2B, H3, and H4 to form a nucleosome (Fig. 1.3A) (Luger et al., 1997; Richmond and 
Davey, 2003). Chromatin assembly is performed in two steps: First, a tetramer consisting 
of two copies of H3-H4 are assembled, and then two H2A-H2B dimers associate with the 
tetramer to form the nucleosome. The core histone proteins are highly conserved from 
yeast to humans and are essential in all eukaryotes. Early in vitro work revealed that 
nucleosomes act as physical barriers for transcription (Almer et al., 1986; Knezetic and 
Luse, 1986). Even though the formation of chromatin allows for the packaging and fitting 
of DNA into the eukaryotic nucleus, it also provides a dynamic landscape for all DNA-
mediated processes. Remodeling of chromatin to make DNA accessible or inaccessible is 
essential for regulating cellular activities such as transcription, replication, and DNA 
repair. Chromatin can be regulated through (1) the ATPase activity of chromatin 
remodelers, (2) histone modifications, or (3) exchanging a core histone with a histone 
variant, and each of the three activities directly affects transcription. In addition, 
misregulation of chromatin-modifying activities, including chromatin remodeling 
enzymes and histone modifications, leads to numerous diseases such as cancer, diabetes, 
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and neurodegenerative diseases (Cohen-Carmon and Meshorer, 2012; Dawson and 























Figure 1.3: Crystal structure of nucleosome and location of H3K56Ac 
 
A. Crystal structure of the nucleosome (H2A in dark blue, H2B in light blue, H3 in red, 
and H4 in yellow). The figure was prepared in PYMOL using PDB # 1AOI from (Luger 
et al., 1997). B. Location of H3K56Ac is highlighted by green circles and enlarged in the 




























I.B.ii. Chromatin remodelers regulate transcriptional activation 
 
       Chromatin remodeling enzymes are multi-protein complexes that utilize the energy 
of ATP hydrolysis to remodel chromatin by sliding nucleosomes, evicting histone 
octamers or altering nucleosomal histone composition (Boeger et al., 2004; Clapier et al., 
2017; Fazzio and Tsukiyama, 2003; Lomvardas and Thanos, 2001). They are generally 
divided into four groups based on their shared structure and function: switch/sucrose non-
fermentable (SWI/SNF), imitation switch (ISWI), inositol requiring (INO80), and 
chromodomain helicase DNA-binding (CHD). Recently, it was proposed that even 
though chromatin remodelers have distinct subunits that separate them from each other, 
all remodelers use the same ATP-dependent translocation mechanism to move DNA 
(Clapier et al., 2017).  
 
       SWI/SNF was the first chromatin remodeler discovered, and similar complexes were 
later discovered in eukaryotes that could remodel chromatin. Two early studies identified 
SWI/SNF subunit genes at their role in the transcriptional activation. One focused on 
mutants that could not induce expression of the HO endonuclease, thereby preventing 
mating type switching. The second focused or mutants that could not induce the invertase 
gene SUC2, which is required for the fermentation of sucrose (Carlson et al., 1984; Stern 
et al., 1984). It was later discovered that both studies identified the same protein, which 
was the product of the SWI2/SNF2 gene that was also shown to be required for the 
activation of other genes (Peterson and Herskowitz, 1992). This led to the 
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characterization of both the yeast and mammalian SWI/SNF complexes (Cairns et al., 
1994; Kwon et al., 1994; Peterson et al., 1994). 
 
       SWI/SNF and another homologous remodeler, Remodel the Structure of Chromatin  
(RSC) complex, are very similar in terms of subunits, such as the homologous ATPase 
subunits Snf2 and Sth1, and two actin related proteins Arp7 and Arp9 (Cairns et al., 
1998; Peterson et al., 1998). Both complexes can slide and evict nucleosomes, and both 
are associated with transcriptional activation, but through different pathways. SWI/SNF 
was shown to be recruited by the SAGA complex (specifically HAT Gcn5), and regulates 
transcription of ~5% of all yeast genes, specifically transcription during mitosis (Govind 
et al., 2005; Holstege et al., 1998; Krebs et al., 2000; Mitra et al., 2006). On the other 
hand, RSC has been shown to play a role in transcription initiation and elongation 
through interaction with certain number of RNA Pol II and Pol III genes (Floer et al., 
2010; Hartley and Madhani, 2009; Parnell et al., 2008). RSC also has been shown to slide 
nucleosomes on AT-rich sequences such as promoter nucleosomes in vitro, and loss of 
RSC leads to disruption of nucleosome-free region at many promoters in vivo (Ganguli et 
al., 2014; Hartley and Madhani, 2009; Krietenstein et al., 2016; Parnell et al., 2008; 
Parnell et al., 2015).  Furthermore, genome-wide studies of chromatin remodelers showed 
that SWI/SNF and RSC localize at the 5’ and 3’ ends of genes, coinciding with 
transcriptional initiation and termination (Yen et al., 2012). Both SWI/SNF and RSC 
complexes play a role in regulation of cryptic transcription as well (described in detail 




       In contrast to disrupting chromatin by nucleosome eviction, ISWI and CHD 
remodelers promote the positioning, spacing and assembly of nucleosomes by sliding. 
The ISWI family consists of two complexes in yeast: Isw1 and Isw2. All three 
remodelers, Isw1, Isw2, and Chd1, are specialized in spacing nucleosomes (Lusser et al., 
2005; Stockdale et al., 2006; Tsukiyama et al., 1999), and due to redundancy, all three 
must be removed to observe a significant defect in spacing in vivo (Gkikopoulos et al., 
2011; Ocampo et al., 2016). Isw1 either activates or inhibits transcription depending on 
the different complexes it forms (Isw1a or Isw1b) (Alen et al., 2002; Morillon et al., 
2003). Isw2 mainly represses transcription by sliding nucleosomes, both over the NFR of 
certain genes and at sites of cryptic transcription in intergenic regions, thus preventing 
binding of PIC components to these regions (discussed in detail below) (Whitehouse et 
al., 2007). On the other hand, Chd1 has been shown to associate with transcription 
elongation factors, and both Isw1 and Chd1 play a role in suppression of histone 
exchange and cryptic transcription (Cheung et al., 2008; Quan and Hartzog, 2010; Simic 
et al., 2003; Tirosh et al., 2010). 
 
      The INO80 family consists of two remodeling complexes, INO80C and SWR1C, that 
were initially identified and purified in yeast (Krogan et al., 2003b; Mizuguchi et al., 
2004; Shen et al., 2000). INO80C is known to slide nucleosomes and exchange the 
histone variant H2A.Z/H2B with a canonical H2A/H2B dimer (Papamichos-Chronakis et 
al., 2011; Shen et al., 2003; Udugama et al., 2011). On the other hand, SWR1C does the 
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reverse reaction and exchanges canonical H2A/H2B with the variant H2A.Z/H2B 
(Mizuguchi et al., 2004). Even though both remodelers share similar structures, SWR1C 
has no nucleosome sliding activity, while INO80C is required for sliding and proper 
positioning of promoter-proximal nucleosomes (mainly +1 and -1 nucleosomes) in yeast 
(Mizuguchi et al., 2004; Tramantano et al., 2016; Yen et al., 2012). Both INO80C and 
SWR1C play a role in transcriptional activation, and specifically INO80C was shown to 
localize at TSS and TTS of yeast genes (Xue et al., 2015; Yen et al., 2012; Yen et al., 
2013). Interestingly, it was discovered that INO80C is required for transcriptional 
activation of metabolic genes in yeast, and loss of INO80C leads to disruption of the 
metabolic cycle in yeast (Barbaric et al., 2007; Cai et al., 2007; Gowans et al., 2018). 
Apart from transcriptional regulation, INO80C also plays a role in DNA repair and 
replication, which is discussed in detail below.  
 
I.B.iii. Effect of histone variants on transcription 
 
       Histone variants differ from canonical histones due to differences in several amino 
acids in their sequences. Unlike canonical histones, which are transcribed specifically in 
S-phase, these variants can be transcribed throughout the cell cycle in yeast and in 
specific tissues in mammals. H2A.Z is a variant of canonical histone H2A that is highly 
conserved from yeast to humans. While H2A.Z is essential in mammals and 
overexpression of H2A.Z is observed in cancer, yeast that lack H2A.Z are viable (Faast et 
al., 2001; Santisteban et al., 2000; Vardabasso et al., 2016; Yang et al., 2016). Apart from 
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H3K56Ac, another key feature of promoter-proximal nucleosomes is H2A.Z, which is 
exchanged for H2A by SWR1C in yeast and by Snf2-related CREBBP activator 
(SRCAP) and p400/Tip60 in mammals (Mattera et al., 2009; Mizuguchi et al., 2004; 
Wong et al., 2007). H2A.Z is localized at the 5’ and 3’ ends of yeast genes, and slightly 
enriched at some regions in gene bodies (Albert et al., 2007; Gu et al., 2015; Guillemette 
et al., 2005; Mavrich et al., 2008). However, it has been shown that H2A.Z is actively 
removed from gene bodies via histone chaperones FACT and Spt6 to prevent cryptic 
transcription initiation (Jeronimo et al., 2015). Furthermore, previous genome-wide 
studies in strains that lack the gene encoding H2A.Z (HTZ1) or harbor mutations in genes 
encoding the SWRC subunits show little change in the RNA transcriptome (Lenstra et al., 
2011; Morillo-Huesca et al., 2010). 
 
 
I.B.iv. Histone modifications regulate transcription 
 
       Histone modifications are chemical moieties such as methylation, acetylation, 
phosphorylation, etc. that are added post-translationally to certain residues on histones. 
The highly flexible N-terminal tails of histones are heavily post-translationally modified. 
In addition, histone modifications on some residues in the globular domain such as 
H3K56 were reported as well (Hyland et al., 2005; Masumoto et al., 2005; Ozdemir et al., 
2005; Xu et al., 2005). Histone modifications can regulate both coding and noncoding 
transcription by altering nucleosome structure or dynamics, or recruiting/facilitating the 
27
	
binding of chromatin remodelers, transcriptional activator complexes, or transcription 
factors (Fig. 1.4) Furthermore, crosstalk between different histone modifications and the 
enzyme complexes that add or remove these marks is critical for regulation of eukaryotic 




        There are multiple histone modifications associated with different stages of 
transcription. Histone tails protruding from nucleosomes are often modified by 
methylation or acetylation on lysine residues. Multiple studies showed that histone 
methylation can have both activating and repressive effect on transcription. For example, 
while H3K4me3 is a mark of active transcription, H3K36me2 is modification associated 
with repression of transcription in yeast (Kim and Buratowski, 2009; Kizer et al., 2005). 
More specifically, H3K4 can be modified by mono-, di- or tri-methylation (Briggs et al., 
2001; Liu et al., 2005; Pokholok et al., 2005). Set1 is the only histone methyltransferase 
for H3K4 in yeast, but there are multiple homologs of Set1 in mammals, one being 
Mixed Lineage Leukemia (MLL) complex that regulates H3K4me3 (Krogan et al., 
2003c; Shilatifard, 2008). In yeast, the Complex Proteins Associated with Set1 
(COMPASS), interacts with phosphorylated Ser5 on CTD of RNA Pol II (Krogan et al., 
2003a; Ng et al., 2003). The reason for differential levels of H3K4 methylation is still not 
known, although distinct methylation patterns have been observed for different stages of 
transcription. One hypothesis is that different levels of methylation are due to the 
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residency time of Set1 throughout the gene. Set1 is associated with Ser5-phosphorylated 
RNA Pol II at the promoter region and the abundance of Set1 decreases from the gene 
body to the termination site as Ser5 becomes dephosphorylated. This concentration 
gradient affects the number of K4 methylation moieties. H3K4me3 is known to 
accumulate at the TSS and helps to recruit positive regulators for transcription such as 
SAGA and NuA4 histone acetyltransferase complexes (Liu et al., 2005; Ng et al., 2003; 
Pokholok et al., 2005). On the other hand, H3K4me1 and H3K4me2 are located towards 
into the gene body and 3’ end of genes and create a gradient of H3K4 methylation 
throughout the gene body (Liu et al., 2005; Pokholok et al., 2005).  
 
       H3K36 is modified by the histone methyltransferase Set2 (Strahl et al., 2002), and 
Set2 is associated with the phosphorylated CTD of elongating RNA Pol II (Xiao et al., 
2003). H3K36me3 helps recruit the Isw1b remodeling enzyme to space nucleosomes and 
the histone deacetylase complex Rpd3S to create a hypoacetylated environment behind 
elongating polymerase (Carrozza et al., 2005; Maltby et al., 2012; Smolle et al., 2012). 
Together these factors prevent intragenic transcription in the gene bodies. The spacing 
activity of the Isw1b is required for the hypoacetylation activity of Rpd3S (Maltby et al., 
2012). This cross-talk between different histone modifications or histone modifying 
enzymes (methyltransferases, demethylases, acetylases, deacetylases, etc.) shows that 
histone modifications do not affect transcription separately, but rather they work together 




Figure 1.4: Crosstalk between histone modifications and chromatin remodelers 
regulate both coding and noncoding transcription 
 
Main features of 5’ end of eukaryotic genes are high nucleosome turnover due to 
H3K56Ac, which facilitates binding of RNA Pol II and PIC formation; high H2A.Z 
incorporation by SWR1C, which is associated with transcriptional activation; and 
H3K4me3 by Set1, which recruits transcriptional activators such as SAGA and NuA4. In 
the gene bodies, there is H3K4me2 and H3K4me, which is associated with active 
transcription; H3 and H4 deacetylation by Rpd3S complex due to H3K36me2, which 
prevents cryptic intragenic transcription; active removal of H2A.Z by FACT and Spt6, 
which also plays role in prevention of cryptic transcription; and prevention of histone 
exchange by Isw1b and Chd1, which prevents cryptic antisense transcription. At the 3’ 
ends of eukaryotic genes, there are high nucleosome turnover due to H3K56Ac; H2A.Z 
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5’ End of Eukaryotic Genes:
  
  Enhanced nucleosome turnover 
due to H3K56Ac
  H2AZ incorporation by SWR1C
 









3’ End of Eukaryotic Genes:
  
  Enhanced nucleosome turnover 
due to H3K56Ac
  H2AZ incorporation by SWR1C
 











       Histone modifications, specifically acetylation, play an important role in 
transcriptional regulation in eukaryotes. Initial studies focused on the characterization of 
acetylated lysine residues and potential role in RNA synthesis (Allfrey et al., 1964). 
Later, Gcn5 was discovered as a HAT in both yeast and mammals (Brownell et al., 1996; 
Candau et al., 1996). This was followed by purification and characterization of Gcn5-
containing HAT complexes such as SAGA (Pollard and Peterson, 1997; Saleh et al., 
1997), which is a multi-protein complex involved in transcription initiation and 
elongation. SAGA can acetylate H3 and H2B lysine residues in a Gcn5-dependent way 
(Grant et al., 1997). Another HAT, Rtt109, acetylates H3 lysine residues K9, K23, and 
K56 (Berndsen and Denu, 2008), and is discussed in detail below. While HATs are 
involved in transcriptional activation, histone deacetylases (HDACs) are mainly involved 
in transcriptional repression. For example, H4K16Ac facilitates transcription by 
unfolding chromatin fibers (Shogren-Knaak et al., 2006), while the deacetylation by 
Rpd3S behind elongating RNA Pol II represses the genic cryptic transcription (Carrozza 




       Unlike histone methylation, histone acetylation has mostly been associated with 
“activating” transcription. Newly synthesized H3 and H4 histone are acetylated before 
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being incorporated into nucleosome (Ramachandran and Henikoff, 2015). As an 
unconventional residue for a histone acetylation, H3K56 is located in the globular 
domain of H3, near the DNA entry-exit point. H3K56 forms a water-mediated DNA-
histone interaction (Luger et al., 1997), which is disrupted by acetylation. Several 
experiments showed that this residue makes nucleosomes more accessible by promoting 
“DNA breathing” and possibly by facilitating chromatin remodeling (Masumoto et al., 
2005; Neumann et al., 2009). Supporting this idea, sliding activity of SWI/SNF and RSC 
increases in the presence of H3K56Ac (Neumann et al., 2009). 
 
       Rtt109 (p300 and CBP in the mammals) is the histone acetyltransferase (HAT) that 
catalyzes H3K56 acetylation (Das et al., 2009; Han et al., 2007a). There are two histone 
chaperones required for Rtt109 activity in vitro: anti-silencing function (Asf1) and a 
Nap1 family histone chaperone, vacuolar protein sorting (Vps75) (Han et al., 2007b; 
Tsubota et al., 2007). Association of Rtt109 with the distinct histone chaperones affects 
which residues are most likely to be acetylated. When interacting with Asf1, Rtt109 
preferentially acetylates H3K56 residue (Berndsen and Denu, 2008; Fillingham et al., 
2008; Tsubota et al., 2007). On the other hand, the Rtt109-Vps75 complex has increased 
catalytic activity towards H3K9 and H3K23 residues, compared to H3K56 (Berndsen and 
Denu, 2008; Fillingham et al., 2008; Tsubota et al., 2007). In fact, it was shown that loss 
of Asf1 causes more dramatic decrease in H3K56Ac levels compared to H3K9 or K23 
acetylation levels in vivo (Berndsen and Denu, 2008; Fillingham et al., 2008; Tsubota et 
al., 2007). Apart from these residues, Rtt109 acetylates H3K14 and H3K27 as well 
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(Berndsen and Denu, 2008). Levels of H3K56Ac are regulated by sirtuin family histone 
deacetylases (HDACs), Hst3 and Hs4 (Sirt6 in mammals), throughout the cell cycle 
(Celic et al., 2006; Maas et al., 2006). While H3K56Ac is incorporated into the genome 
during G1 and early S-phase, it is erased by Hst3/4 in late S-phase and G2/M (Celic et al., 
2006; Maas et al., 2006).  
 
       It has been shown that H3K56Ac is one of the key features of the promoter-proximal 
nucleosomes (mainly +1 and -1 nucleosomes) and it enhances replication-independent 
nucleosome turnover by causing rapid rounds of assembly and disassembly of 
nucleosomes (Fig 1.5A) (Kaplan et al., 2008; Rufiange et al., 2007). Due to its presence 
around TSS and TTS, it is associated with transcriptional activity in both yeast and 
mammals (Tan et al., 2013; Williams et al., 2008). Previous genome-wide studies showed 
little to no change in transcription upon loss of Rtt109 or Asf1 in yeast (Lenstra et al., 
2011; Williams et al., 2008; Xu et al., 2005). Consistent with these studies, we have 
previously found that rtt109∆ causes significant decreases in RNA Pol II levels at most 
yeast genes; however interestingly, steady-state RNA levels were not altered (Rege et al., 
2015). These previous genome-wide experiments monitored steady-state transcript levels 
rather than nascent transcript levels. However, recent analyses of nascent transcripts 
showed that H3K56Ac affects both coding and noncoding transcription globally and 
alters occupancy of RNA Pol II throughout yeast genes (Topal et al., 2019) (which is 
discussed in Chapter II). In mammals, it was shown that H3K56Ac is present at active 
genes and promotes pluripotency by potentially acting as a base for pluripotency factors 
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such as Oct4 to bind (Tan et al., 2013; Xie et al., 2009). Apart from its role in 
transcription, H3K56Ac plays roles in replication and DNA repair (which is discussed 






















Figure 1.5: Roles of H3K56Ac 
 
A. It enhances nucleosome turnover at the 5’ and 3’ ends of genes in a replication and 
transcription independent way. B. It promotes nucleosome assembly by increasing 
binding affinity of H3-H4 dimers to Caf1 and Rtt106, and ensures an efficient 
nucleosome assembly behind the replication fork. C. H3K56Ac is also important for 





























I.C. CHROMATIN DYNAMICS INFLUENCE NONCODING TRANSCRIPTION 
 
       Regulation of noncoding transcription is essential for preventing transcriptional 
interference from affecting normal levels of coding transcription. Both the actions of 
chromatin remodelers and histone modifications are favored for and enriched in the 
coding direction, which helps to enforce directionality and to ensure that the 
transcriptional signal is usually weaker in the noncoding direction (Churchman and 
Weissman, 2011). One mechanism ensuring prevention of noncoding cryptic 
transcription is through the chromatin assembly pathway. It has been shown that a 
mutation disrupting the CAF1 complex leads to global de-repression of nascent divergent 
ncRNA (Marquardt et al., 2014). Furthermore, rapid nucleosome turnover due to H3K56 
hyperacetylation or H3K56Q (which mimics hyperacetylation) causes increases in 
divergent ncRNA levels (Feldman and Peterson, 2019; Marquardt et al., 2014). 
Interestingly, H3K56A (which mimics no acetylation) causes an increase in ncRNA 
levels as well, which shows that both promotion and prevention of nucleosome turnover 
causes increase in cryptic transcription (Marquardt et al., 2014). Apart from H3K56Ac 
levels, remodeling by SWI/SNF also increases divergent ncRNA levels (Marquardt et al., 
2014). This mechanism is in parallel to the Set2/Rpd3S pathway that prevents cryptic 
transcription initiating from coding regions in the wake of elongating RNA Pol II in 
terms of regulating noncoding transcription. This hypoacetylation activity by Rpd3S is 
required for Isw1b-mediated spacing for the nucleosomes behind elongating Pol II 
(Smolle et al., 2012). It was reported that H3K36me3 recruits Isw1b through PWWP 
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domain of its Ioc4 subunit and Chd1 to prevent histone exchange over coding regions 
(Smolle et al., 2012).  
 
       Another mechanism to regulate cryptic transcription involves the chromatin-
remodeling activity of INO80C and the methylation of H3K79 (H3K79me3). Dot1 is the 
methyltransferase that catalyzes H3K79me3 in yeast (Dot1-like protein DOT1L is the 
mammalian homolog) and it is known as an active transcription marker that is localized 
throughout gene bodies in euchromatin (Pokholok et al., 2005; van Leeuwen et al., 2002). 
Due to its close proximity to promoter regions, INO80C has been shown to prevent 
bidirectional transcription (Marquardt et al., 2014) and loss of INO80C leads to increase 
in noncoding transcription (Alcid and Tsukiyama, 2014; Xue et al., 2017; Xue et al., 
2015). It has also been shown that loss of INO80C causes spreading of H3K79me3 into 
heterochromatic regions. INO80C blocks Dot1 enzymatic activity in vitro; thus, it is 
believed that INO80C restricts spreading of H3K79me3 into intergenic locations by 
bordering both TSS and TTS regions (Xue et al., 2015). It was reported that INO80C also 
colocalizes with two other transcription factors, Mot1 and NC2 (Xue et al., 2017). Mot1 
is a Snf2 family ATPase that redistributes TBP from yeast promoters by disrupting TBP-
DNA interactions (Auble et al., 1994). Mot1 was originally isolated as a repressor of 
weak promoters in vivo (Davis et al., 1992; Piatti et al., 1992). On the other hand, NC2 is 
a heterodimer of NC2α (Bur6 in yeast) and NCβ (Ydr1 in yeast) that prevents formation 
of PICs by interfering with the binding of TFIIA and TFIIB (Gadbois et al., 1997; Kim et 
al., 1997). Loss of either Mot1 or NC2 causes lethality in yeast. Mot1 and NC2 have been 
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shown to restrict antisense noncoding transcription by preventing PIC formation at the 3’ 
ends of genes (Koster and Timmers, 2015). Mot1, INO80, and NC2 (MINC) colocalize at 
the TSS in both yeast and mammals, and at the TTS in yeast to prevent production of 
cryptic transcription (Xue et al., 2017). It has been shown that loss of these proteins lead 
to increase in cryptic transcription, which overlaps with regions that are favored by 



















I.D. TRANSCRIPTION DURING S-PHASE 
 
I.D.i. Introduction to Replication 
 
       Yeast replication origins are defined as Autonomously Replicating Sequences (ARS) 
that are 100-150 nucleotide long DNA sequences, and they contain an 11nt long, AT-
rich, conserved ARS Consensus Sequence (ACS), which is essential, but not sufficient 
for origin function (Bolon and Bielinsky, 2006; Newlon and Theis, 1993; Stinchcomb et 
al., 1979). Further comparative sequencing analyses led to the discovery of three more 
nucleotides on each side of 11nt conserved ACS, termed as extended ACS (eACS) (Theis 
and Newlon, 1997). Replication initiation is accomplished in two steps: First, from late M 
into G1 phase, pre-replication complexes (pre-RC) are formed at multiple ARS locations. 
Second, at the G1/S boundary, multiple pre-RCs are activated depending on their firing 
time. pre-RC formation requires binding of the multi-subunit Origin Recognition 
Complex (ORC) onto the ACS, and recruitment of key replication factors such as Cdt1 
and Cdc6, which load mini-chromosome maintenance helicase complex (Mcm2-7) onto 
DNA in an inactive form (Diffley et al., 1995; Diffley et al., 1994; Hawkins et al., 2013). 
ORC is a six-subunit complex in which five out of these six subunits are AAA+ ATPase-
related. However, only one of these subunits, Orc1 has ATPase activity and its ATPase 
activity is required for ATP-dependent DNA binding of ORC (Klemm et al., 1997). 
Activation of the pre-RC requires certain cell cycle kinases, leading to origin activation 
and replication initiation (Aparicio, 2013; Sclafani and Holzen, 2007). Binding of ORC 
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to origin DNA is also sufficient for pre-RC assembly in mammalian cells, though in this 
case, origins do not contain a specific DNA sequence (Takeda et al., 2005). Replication 
timing profiling in budding yeast identified replication origins as early or late based on 
their respective replication timing during S-phase and revealed certain features of 
replication origins: while most origins near centromeres are replicated in early S-phase, 
most origins near telomeres are replicated late in S-phase (Eaton et al., 2010; Wyrick et 
al., 1999; Yabuki et al., 2002). Furthermore, the majority of origins are in nucleosome-
free, intergenic regions (Eaton et al., 2010; Wyrick et al., 1999) that are bordered by well-
positioned nucleosomes and it was shown that the efficiency of origins depend on their 
local chromatin structure (Heun et al., 2001; Raghuraman et al., 2001; Soriano et al., 
2014). As expected, a certain level of chromatin remodeling is required to position 
neighboring nucleosomes upon binding of replication factors (Lipford and Bell, 2001). 
Consistent with that observation, several studies have shown that alterations in 
nucleosome positioning can reduce origin efficiency by affecting both ORC binding and 
origin activation (Azmi et al., 2017; Lipford and Bell, 2001; Rodriguez et al., 2017). 
 
I.D.ii. Transcription-Replication Conflicts 
 
The eukaryotic genome undergoes several key processes such as transcription, 
replication, chromosome segregation, and repair. In some cases, co-temporal activity 
between two processes might have a positive effect on the genome such as transcription-
coupled repair. However, in other cases, it might have deleterious effects such as 
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transcription-replication conflicts because misregulation might lead to genome instability, 
which might lead to cancer in mammalian cells (Gaillard et al., 2015). The conflict 
between transcription and replication arises from the basic nature of polymerases on 
DNA template. DNA polymerases (DNA Polymerase ε and δ in eukaryotes, DNA Pol III 
in bacteria) progress as a single replisome on single-stranded DNA. Unlike DNA 
polymerases, RNA polymerase transcribes DNA by encapsulating both strands while 
nascent RNA is extruding from the active pocket of polymerase. Due to this, replication 
fork and transcription machinery collide quite often on either head-to-head or co-
directional orientation.  
 
       There are several ways eukaryotes overcome these collisions. Some regions of the 
genome are replicated and transcribed in different times (temporally separated), or both 
these processes occur in different spaces (spatially separated). In addition, there are 
structural factors such as DNA supercoiling, RNA-DNA hybrids, replication fork barriers 
(RFBs), and chromatin remodeling actions that prevent physical contact between the 
replisome and transcriptional machinery. For example, RFBs in budding yeast are used as 
speed bumps for highly replicated regions such as ribosomal DNA (rDNA) genes (Ivessa 
et al., 2000). In addition, during replication fork progression in S-phase, tRNA genes are 
silenced temporarily by the negative transcriptional regulator of RNA Pol III, Maf1 
(Nguyen et al., 2010). Another mechanism to prevent conflicts is RNA Pol II 
backtracking by TFIIS (DST1) in occasions such as when Pol II encounters a roadblock 
or misincorporates a nucleotide. Several studies show that RNA Pol II cannot backtrack 
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in dst1∆ leading to transcription-replication encounters, and thus makes TFIIS activity 
critical in preventing these conflicts (Churchman and Weissman, 2011; Lemay et al., 
2014). Furthermore, the chromatin remodeler INO80C has been shown to work together 
with the transcription elongation complex PAF1C and checkpoint kinase Mec1 to trigger 
RNA Pol II degradation to prevent transcription-replication collisions (Poli et al., 2016). 
DNA-RNA hybrids that form R-loops occur at highly transcribed genes (El Hage et al., 
2014), and we have recently shown that increased transcription due to H3K56 
hyperacetylation leads to increased R-loop formations in the absence of Hst3/4, which 
exacerbates genome instability (Feldman and Peterson, 2019). 
 
I.D.iii Chromatin During Replication 
 
       When the replication fork progresses towards a nucleosome, the DNA double helix 
melts in front of the fork and causes unwrapping of nucleosomes, which leads to 
disruption in histone-DNA interactions and the transfer of histones to chaperone proteins. 
Apart from histones, transcription factors are also evicted from the DNA template ahead 
of the replication fork. Both chromatin remodelers and histone chaperones coordinate the 
re-assembly and positioning of the nucleosomes behind the fork. While parental H3-H4 
tetramers are retained in the genome, newly synthesized H3-H4 tetramers are used for the 
daughter strand (Xu et al., 2010). These newly synthesized H3-H4 tetramers are 
acetylated at H3K56 residues by Rtt109 with the help of Asf1 (Han et al., 2007a; Han et 




       H3K56Ac also plays roles in replication-dependent nucleosome assembly during S-
phase (Li et al., 2008). During replication, nucleosomes are disassembled ahead of the 
replication fork and re-assembled behind the progressing fork. Both chromatin assembly 
factor 1 (CAF1) complex and Rtt106 have a higher affinity for newly synthesized H3/H4 
dimers that contain H3K56Ac, and these two redundant assembly proteins deposit 
histones into newly synthesized DNA to ensure efficient nucleosome assembly during 
replication (Fig. 1.5B and Fig. 1.6) (Li et al., 2008). CAF1 is a complex consisting of 
three proteins Cac1, Cac2, and Cac3 in yeast, which incorporates histones with the help 
of proliferating cell nuclear antigen (PCNA) (Moggs et al., 2000; Shibahara and Stillman, 
1999). Following incorporation of newly synthesized histones, chromatin remodelers 
such as Isw1 and Chd1 position nucleosomes to restore the chromatin landscape behind 
the fork (Yadav and Whitehouse, 2016).  
 
       Apart from its roles in transcription and replication, H3K56Ac also plays role in 
DNA repair. It has been shown that H3K56Ac mutants such as rtt109∆ or H3K56R are 
sensitive to genotoxic agents such as methylmethane sulfonate (MMS) and they cannot 
complete DNA replication in yeast (Wurtele et al., 2012). In addition, elevated H3K56Ac 
levels and localization of H3K56Ac with damage response proteins like phosphorylated 
ataxia-telangiectasia mutated (ATM) and the checkpoint kinase 2 (CHK2) have been 




Figure 1.6: Replication-dependent incorporation of H3K56Ac into the genome 
 
1. H3-H4 peptides are translated in the cytoplasm and transported into the nucleus. 2. 
Asf1 brings H3-H4 dimer to Rtt109. 3. Rtt109 acetylates K56 residues in the histone H3. 
4. Histone chaperones Caf1 and Rtt106 bind H3-H4 dimers. 5. Caf1 and Rtt106 deposit 





















H3-H4 dimer with H3K56Ac




1. H3-H4 peptides are translated 
by ribosome
2. Asf1 brings H3-H4 dimer to 
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3. Rtt109 acetylates H3K56
4. CAF1 and Rtt106 bind 
H3-H4 dimers
4. CAF1 and Rtt106 deposit H3K56 acetylated 




I.D.iv. Transcriptional Buffering 
 
       There is a mutual interplay between transcription and DNA replication. Some genes 
replicate earlier than others, increasing their gene dosage. Surprisingly, transcription does 
not increase continuously with dosage, but rather increases step-wise once cells read an 
increase in the cell size (Dungrawala et al., 2010; Marguerat and Bahler, 2012). 
Consistent with this observation, early studies in both fission and budding yeast found 
that transcription does not increase during replication until late S or G2 phase where a 
stepwise increase in transcription is observed (Fraser and Carter, 1976; Fraser and 
Moreno, 1976; Fraser and Nurse, 1979). Similar studies in mammalian cells concluded 
that transcription increases abruptly, but not exponentially, after replication (Stubblefield 
et al., 1967). This process has been termed as dosage-dependent transcriptional buffering. 
Transcriptional buffering in response to gene dosage is thought to be a mechanism to 
couple the mRNA concentration to both DNA content and cell size. In addition, a recent 
study in human cells showed that transcriptional buffering is due to cell cycle dependent 
changes in the frequency of transcriptional bursting (Padovan-Merhar et al., 2015). 
Interestingly, apart from its roles in transcription, replication and repair, Barkai and 
colleagues recently reported that H3K56Ac acts as a repressive, transcriptional regulator 
to combat gene dosage imbalance and that loss of H3K56Ac leads to loss of 
transcriptional buffering (Voichek et al., 2016). As discussed in  
Chapter II, we have recently found that H3K56Ac regulates gene expression depending 
on the timing of local DNA replication by ensuring efficient nucleosome assembly, and 
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that transcriptional buffering is maintained even in the loss of H3K56Ac (Topal et al., 
2019). 
 
I.E. Overview of Dissertation 
 
       In summary, there is a dynamic interplay between chromatin and cellular events such 
as transcription and replication. Chromatin remodeling enzymes, histone variants, and 
histone modifications coordinate together with transcription factors to regulate 
transcription; and coordinate together with the replisome machinery to regulate 
replication. Although previous studies focused on how chromatin dynamics can regulate 
transcription, much effort is needed to uncover the relationship between individual 
components that play key roles in chromatin dynamics and transcriptional homeostasis. 
This dissertation focuses on how chromatin dynamics, specifically the histone 
modifications and the chromatin remodeling enzymes, regulate transcriptional 
homeostasis while maintaining the genome stability. In the first part (Chapter II), I focus 
on how a single histone modification, H3K56Ac can regulate transcription globally and 
act on both transcriptional homeostasis and fidelity. In the second part (Chapter III), I 
focus on how the chromatin remodeling enzyme INO80C regulates noncoding 
transcription to promote efficient replication and to maintain genome stability. The 




















DISTINCT TRANSCRIPTIONAL ROLES FOR HISTONE H3-K56 










Contributions to this chapter: Salih Topal generated mutant strains, performed all 
sequencing experiments (NET-seq, RNA-seq, TT-seq and 4sU-seq) and analyzed all 
RNA sequencing data. Generation and analysis of NChAP experiment was done in 
collaboration with Marta Radman-Livaja lab at Université de Montpellier, Montpellier, 
France.  
 
Note: This work was previously published as (Topal, S., Vasseur, P., Radman-Livaja, 
M. et al. Distinct transcriptional roles for Histone H3-K56 acetylation during the cell 



























       Dynamic disruption and reassembly of promoter-proximal nucleosomes is a 
conserved hallmark of transcriptionally active chromatin. Histone H3-K56 acetylation 
(H3K56Ac) enhances these turnover events and promotes nucleosome assembly during S 
phase. Here we sequence nascent transcripts to investigate the impact of H3K56Ac on 
transcription throughout the yeast cell cycle. Strikingly, we find that H3K56Ac is a 
genome-wide activator of transcription. H3K56Ac has a major impact on transcription 
initiation, but it also appears to promote elongation and/or termination. In contrast, 
H3K56Ac represses promiscuous transcription that occurs immediately following 
replication fork passage, in this case by promoting efficient nucleosome assembly. We 
also detect a stepwise increase in transcription as cells transit S phase and enter G2, but 
this response to increased gene dosage does not require H3K56Ac. Thus, a single histone 
mark can exert both positive and negative impacts on transcription that are coupled to 










       Early biochemical studies identified nucleosomes, the building blocks of chromatin, 
as physical barriers at different stages of transcription (Lorch et al., 1987). Nucleosomes 
are arranged in a regularly spaced manner, and nucleosome positioning is influenced by 
DNA sequence and regulated by chromatin remodeling enzymes (Struhl and Segal, 
2013). While nucleosomes can be found at both genic and non-genic regions, promoters 
and termination regions are largely encompassed by nucleosome depleted regions 
(NDRs) (Yuan et al., 2005). NDRs are flanked by highly positioned nucleosomes (+1 and 
-1), where the +1 nucleosome either contains the transcription start site (TSS) or is 
located immediately upstream (Struhl and Segal, 2013). Interestingly these promoter-
proximal nucleosomes are highly dynamic, showing rapid disassembly and reassembly 
through replication-independent nucleosome turnover (Dion et al., 2007). One of the 
main features of these dynamic nucleosomes is the acetylation of lysine 56 on histone 
H3, and this modification has been shown to enhance the turnover of promoter-proximal 
nucleosomes, yielding a positive feedback loop (Kaplan et al., 2008; Rufiange et al., 
2007). Due to its enrichment at promoters, several studies have shown a role of this 
modification in transcriptional activation of a select group of genes (Tan et al., 2013; 
Williams et al., 2008; Xie et al., 2009). In addition, Weiner and his colleagues showed 
that H3K56Ac levels correlate with transcriptional activity (Weiner et al., 2015). In 
accordance with this role in yeast, H3K56Ac has also been shown to associate with the 
core transcriptional network in mammals, and has been suggested to promote 
pluripotency (Tan et al., 2013; Xie et al., 2009). 
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       The acetylation of H3K56 is catalyzed by the histone acetyltransferase (HAT) Rtt109 
in budding yeast (Han et al., 2007a), and unlike many other HATs, Rtt109 can only use 
free histones as a substrate for H3K56 acetylation (Tsubota et al., 2007). Consequently, 
newly assembled nucleosomes are enriched for H3K56Ac, including nucleosomes behind 
replication forks, DNA repair foci, and promoter proximal nucleosomes undergoing 
replication-independent nucleosome turnover (Li et al., 2008; Masumoto et al., 2005; 
Rufiange et al., 2007). Rtt109 does not share sequence homology with other known 
HATs, but the crystal structure of Rtt109 shows resemblance to the mammalian HATs, 
p300 and CBP (Tang et al., 2008), which catalyze H3K56Ac in mammals (Das et al., 
2009). Two histone chaperones, Vps75 and Asf1, are required for Rtt109 acetylation 
activity in vitro, influencing its substrate specificity (Han et al., 2007b; Tsubota et al., 
2007). When associated with Asf1, the Rtt109-Asf1 complex preferentially acetylates 
H3K56, whereas the Vps75-Rtt109 complex prefers to acetylate H3K9 (Berndsen and 
Denu, 2008; Fillingham et al., 2008; Tsubota et al., 2007). Consistent with these in vitro 
studies, an asf1∆ causes larger reductions in H3K56Ac levels compared to H3K9Ac or 
H3K23Ac in vivo (Berndsen and Denu, 2008; Fillingham et al., 2008).  
       In yeast, H3K56Ac is also incorporated during replication-coupled nucleosome 
assembly (Li et al., 2008). During replication, nucleosomes are disassembled ahead of the 
fork and these parental nucleosomes are segregated to the two daughter strands. Newly 
synthesized histones, marked with H3K56Ac, are then deposited to “fill in the gaps” 
(Ramachandran and Henikoff, 2015). H3K56Ac facilitates nucleosome deposition, as this 
mark enhances the binding of histone H3 to the key histone chaperones, Chromatin 
54
	
Assembly Factor 1 (Caf1) and Rtt106, as well as promoting the subsequent binding of 
Caf1 to PCNA (Li et al., 2008; Tyler et al., 2001). In the absence of H3K56Ac, 
nucleosome assembly is delayed, and this leads to increased genome instability (Li et al., 
2008). For instance, an rtt109∆ mutant or strains harboring a H3K56R substitution 
derivative show increased DNA damage and sensitivity to genotoxic agents and 
replication stress (Han et al., 2007a). Notably, persistent, genome-wide H3K56Ac also 
leads to genomic instability, and consequently the high, S phase levels of H3K56Ac are 
erased in G2/M by the Sirtuin family deacetylases, Hst3 and Hst4 (Sirt6 in mammals), 
whose expression peak in late S/G2 phase (Celic et al., 2006; Maas et al., 2006). 
       During S phase, replication doubles the gene dosage, but several studies have found 
that transcription does not immediately increase following gene duplication (Dungrawala 
et al., 2010; Marguerat and Bahler, 2012). Indeed, early studies in both fission and 
budding yeast found that the mRNA synthesis rate following replication remained similar 
to that of G1 cells, until late S or G2 phase where a step-wise increase in mRNA 
synthesis eliminated this buffering phenomenon (Fraser and Carter, 1976; Fraser and 
Moreno, 1976; Fraser and Nurse, 1979). A similar phenomenon has also been observed in 
mammalian cells, and in this case the buffering is due to cell cycle dependent changes in 
the frequency of transcriptional bursting (Padovan-Merhar et al., 2015). The buffering of 
transcription in response to gene dosage is thought to be a mechanism to couple the 
concentration of gene expression products to both DNA content and cell size. 
Interestingly, recent studies have implicated H3K56Ac in the buffering of mRNA 
synthesis for early replicating loci in yeast, though how this histone mark exerts such a 
55
	
repressive role is not clear (Voichek et al., 2016).   
       Several previous studies of steady state RNA levels failed to observe significant 
changes in transcription due to inactivation of Rtt109. We uncovered genetic interactions 
between Rtt109 and the nuclear exosome, suggesting that post-transcriptional events may 
mask the transcriptional impact of H3K56Ac loss (Rege et al., 2015). To directly 
investigate this possibility, here we utilize native elongating transcript sequencing (NET-
Seq) (Churchman and Weissman, 2011) and transient-transcriptome sequencing (TT-Seq) 
(Schwalb et al., 2016) to dissect the role of H3K56Ac in transcription during G1, S, and 
G2 phases of the cell cycle. Using these methodologies, we find that H3K56Ac globally 
activates gene transcription throughout the yeast cell cycle, and find that it regulates the 
distribution of RNA Pol II throughout gene bodies, suggesting that enhanced, replication-
independent nucleosome turnover stimulates transcription. In contrast, during S-phase, 
H3K56Ac inhibits transcription of both coding and noncoding RNAs immediately 
following replication fork passage, an activity that correlates with its role in promoting 
efficient nucleosome assembly. Indeed, we observe a similar repressive function during S 
phase for components of the primary nucleosome assembly machinery, Cac1 and Rtt106. 
Furthermore, we find that global transcription increases ~2x in G2 phase in the presence 
or absence of H3K56Ac, indicating that this histone mark is not essential for buffering of 








H3K56Ac has only a minor impact on steady-state RNA levels  
 
       Previously, we found that inactivation of Rtt109 had little impact on steady state 
RNA levels, as assayed by high-density DNA tiling arrays (Rege et al., 2015). As an 
alternative strategy, we isolated total RNA from asynchronous cultures of isogenic 
wildtype and rtt109∆ strains, and RNA levels were analyzed by RNA-seq. Importantly, S. 
pombe cells were “spiked-in” during cell harvest to provide an internal normalization 
control for sequencing libraries. Consistent with previous tiling array analyses, 
inactivation of Rtt109 led to only minor changes in the yeast transcriptome (Fig. 2.1). 
Using DeSeq analysis, the Likelihood Ratio Test (LRT) showed only 178 up-regulated 
genes (≥ 1.5 FC, FDR ≤ 0.05) and 148 down-regulated genes (≥ 1.5 FC, FDR ≤ 0.05) in 
the rtt109∆ compared to wildtype (Fig. 2.1A). GO-Term analysis for down-regulated or 
up-regulated genes implicates genes in metabolic pathways (Fig. 2.1C-D). Interestingly, 
the HTA1/HTA2 (encoding histone H2A) and HTB1/HTB2 (encoding histone H2B) gene 
pairs are up-regulated 1.5-1.8 fold, while levels for HHT1/HHT2 (encoding Histone H3) 
and HHF1/HHF2 (encoding Histone H4) were not significantly changed. Together, these 







H3K56Ac globally activates nascent transcription 
 
       To investigate the possibility that post-transcriptional events might mask a more 
global impact of H3K56Ac on transcription, Nascent Elongating Transcript Sequencing 
(Net-seq) was employed to more directly assess transcription in both wildtype and 
rtt109∆ strains.  Similar to RNA-seq analyses, S. pombe cells were added during cell 
harvest as an external spike-in for library normalization (Fig. 2.2A). In contrast to the 
results from RNA-seq analyses, Net-seq revealed a global decrease in nascent RNA 
transcripts for gene coding sequences after Rtt109 inactivation (2744 genes down-
regulated ≥ 1.5 FC, FDR ≤ 0.05; Fig. 2.2B). Strikingly, decreases in nascent transcript 
levels were more dramatic when RNA was analyzed from cells arrested in the G1 phase 
of the cell cycle as compared to asynchronous cells (Fig. 2.2B,C). In this case, 3299 
genes decreased by >1.5 fold (FDR ≤ 0.05) (see also Fig. 2.3A). Notably, Rtt109-
dependent acetylation of H3-K56 is largely restricted to promoter-proximal nucleosomes 
in G1 cells (Kaplan et al., 2008; Rufiange et al., 2007), suggesting that replication-










Figure 2.1: H3K56Ac has only a minor impact on steady-state RNA levels.  
 
 
(A) Significance plot showing nascent coding transcript levels between wild type and 
rtt109∆ by RNA-seq. Significantly changed (≥1.5 FC, FDR ≤ 0.05) genes (red) and non-
significant genes (gray). Data were normalized according to spike-in numbers. (B) 
Genome browser view of an example gene (YDR353W) between wild type (gray) and 
rtt109∆ (red). (C) GO-Term analysis for down-regulated or up-regulated genes from (A). 
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       Rtt109 acetylates H3-K9, H3-K14, and H3-K23 in addition to H3-K56 (Berndsen 
and Denu, 2008). To ensure that the global decreases in nascent transcription are due 
solely to the loss of H3K56Ac, Net-seq analyses were performed in G1-arrested cells 
harboring a H3K56R substitution derivative that mimics unacetylated H3-K56. In this 
case as well, a global decrease in nascent transcript levels was observed (Fig. 2.2D). One 
additional possibility is that long-term growth in the absence of H3K56Ac may lead to 
persistent changes in nucleosome assembly/positioning due to roles for H3K56Ac during 
S phase, and that these changes are responsible for the decreases in nascent transcription. 
To test this possibility, we used the anchor-way system to conditionally deplete the Asf1 
subunit of the Rtt109 HAT complex from the nucleus in G1-arrested cells (Haruki et al., 
2008). Strikingly, rapid depletion of Asf1 from G1-arrested cells (Asf1-AA) also showed 
global decreases in nascent transcript levels (Fig. 2.2E).  Furthermore, the rtt109∆, 
H3K56R, Asf1-AA strains all showed comparable numbers of genes with down-
regulated levels of nascent transcripts, with over 2000 genes decreased at least 1.5-fold in 
all mutants compared to wild type (Fig. 2.3C).  
 
       We also investigated nascent transcript levels of two groups of noncoding transcripts 
-- Cryptic Unstable Transcripts (CUTs) and Stable Unannotated Transcripts (SUTs). Both 
CUTs and SUTs are short RNA products transcribed by RNA Pol II, polyadenylated, and 
terminated by a pathway involving Nrd1-Nab3 and the TRAMP complex (Thiebaut et al., 
2006; Xu et al., 2009). CUTs are rapidly degraded by the RNA exosome, and thus they 
are not detectable by conventional methodologies such as RNA-seq (Wyers et al., 2005), 
61
	
while SUTs are more stable transcripts. Similar to coding transcription, we observed a 
global decrease in nascent transcription levels of both CUTs and SUTs in the absence of 
Rtt109 in G1-arrested cells (Fig. 2.2F-G; see also Fig. 2.3B). Together, these results show 
that H3K56Ac is a global activator of transcription.  
 
H3K56Ac regulates RNAPII distribution within the gene body 
 
       Analysis of genome browser views for several representative genes showed an 
overall decrease in nascent transcription throughout the coding regions, though it 
appeared that there may be greater decreases at the 5’ ends (Fig. 2.3A). To investigate 
this further, we sorted all genes based on the size of their coding regions and plotted their 
nascent transcript (RNAPII) distribution (Fig. 2.4A). While, the heatmap plot confirmed 
a global decrease in RNAPII levels, there was a larger decrease proximal to the 
transcription start site (TSS) (Fig. 2.4A).  The asymmetry in nascent transcript decreases 
was also apparent when we calculated the ratio of reads surrounding the TSS to reads 
surrounding the transcription termination site (TTS; Fig. 2.4B). In this case, the TSS/TTS 
ratio is decreased nearly 2-fold in rtt109∆, H3K56R, or Asf1-AA strains compared to 
wild type. Next, we performed metagene analyses to analyze RNAPII distributions, 
normalizing RNAPII occupancy levels to the individual gene expression levels and 
plotted these values throughout ~5200 genes. This analysis confirms that loss of 
H3K56Ac leads to a change in RNAPII distribution, with a marked decrease in 
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Figure 2.2. H3-K56Ac globally activates both coding and noncoding nascent 
transcription.  
 
(A) Experimental design for NET-Seq. Unless indicated, cells were arrested in G1 by 
alpha-factor (αFT) for 1.5 hours. Following the addition of control, S. pombe cells, 
nascent RNAs associated with RNAPII were isolated and sequenced.  
(B-G) NET-seq scatterplots showing log2 mean intensity values for an average of two 
biological replicates (n=2) for all coding nascent transcripts (N=5302) between wild type 
and mutant cells. (B) asynchronous WT and rtt109D cells; (C) G1-arrested wild type and 
rtt109D cells (D) G1-arrested WT and H3K56R cells; (E) Conditional depletion of Asf1 
for 1 hour in G1-arrested cells (Asf1-AA), compared to WT; (F) nascent transcript levels 
for Cryptic Unstable RNAs (CUTs) between G1-arrested wild type and rtt109∆ cells; (G) 
nascent transcript levels for Stable Unannotated RNAs (SUTs) between G1-arrested wild 
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Figure 2.3: Correlation between rtt109∆, H3K56R and Asf1-AA. 
 
(A-B) Genome browser views of two example protein-coding genes (A), and of a CUT, 
CUT545 (B) between wild type (gray) and rtt109∆ (red).  
(C) Venn diagram showing correlation in numbers of down-regulated genes (≥ 1.5 FC, 

























































RNAPII distribution near the TSS (+1 nucleosome) and an increase in RNAPII levels 
over the gene body and near the TTS (Fig. 2.4C, upper panel). Similar changes in the 
RNAPII distribution were also observed following depletion of Asf1 or in the H3K56R 
strain, although the changes were less dramatic for the H3K56R strain (Fig. 2.4C, lower 
panels). This latter observation suggests that changes in RNAPII distribution along 
coding regions may reflect additional contributions from other histone acetylation events 
catalyzed by Rtt109/Asf1, such as H3K9Ac, H3K23Ac, or H3K27Ac). 
 
       The altered distribution of RNAPII towards the 3’ end of the gene body suggested 
that loss of H3K56Ac leads to defects in transcriptional elongation or termination. To 
investigate this further, we tested whether the change in RNAPII distribution was similar 
to that due to an altered RNAPII that has a slow elongation rate. The rpb1-N488D allele 
alters a residue that affects the polymerase catalytic center, and it slows RNAPII 
elongation rates in vitro and leads to defects in transcriptional elongation and termination 
in vivo (Hazelbaker et al., 2013; Malagon et al., 2006). Net-seq analysis of RNA isolated 
from an asynchronous culture of the rpb1-N488D strain did not show a global decrease in 
nascent transcript levels, with only 477 genes showing a significant change (320 down-
regulated genes, 157 up-regulated genes ≥ 1.5 FC, FDR ≤ 0.05)  (Fig. 2.4D). 
Interestingly, normalized metagene analysis for the “slow” RNA Pol II distribution 
showed a profile nearly identical to what was observed in the absence of H3K56Ac -- 
RNAPII was decreased near the TSS, and higher RNAPII occupancy was observed over 
the gene body and near the TTS (Fig. 2.4E). Together, these results suggest that 
68
	
H3K56Ac promotes more efficient transcription initiation as well as transcription 
elongation and/or termination.  
 
H3K56Ac promotes transcription initiation 
 
       Net-seq analysis monitors the level and distribution of RNAPII, but it does not 
directly report on the number of active RNAPII molecules. In contrast, transient 
transcriptome sequencing (TT-seq) monitors RNA segments synthesized during a short, 
10’ pulse of 4-thio-uracil (Schwalb et al., 2016). In yeast, TT-seq primarily monitors the 
frequency of transcription initiation events due to the relatively short length of coding 
regions (Baejen et al., 2017). Both wild type and rtt109∆ cells were labeled with 2.5 mM 
4-thiouridine (4tU) for 10 minutes, and 4tU-labeled RNAs were isolated and sequenced 
(Fig. 2.5A). The results are remarkably similar to Net-seq analyses, as inactivation of 
Rtt109 caused a global decrease in gene coding transcription, as well as cryptic, antisense 
transcription (Fig. 2.5B-D). Omission of the sonication step of the TT-seq protocol 
(yielding 4sU-seq libraries) yielded similar results (Fig. 2.5D and Fig. 2.6). These 








Figure 2.4. H3-K56Ac regulates RNA Pol II distribution within the gene body.  
 
(A) Heatmap showing log2 fold change of nascent transcript levels between wild type and 
rtt109∆ for a region beginning with the TSS and extending 4 kb downstream, ordered by 
gene length. 
 (B) Boxplot showing 5’ to 3’ ratio for RNA Pol II occupancy for wild-type (gray), 
rtt109∆ (red), H3K56R (blue) and Asf1-AA (green). Reads from the TSS to 300 bp 
downstream were summed and divided by the sum of the reads from the TTS to 300 bp 
upstream. Significance and p-values were calculated using Mann-Whitney U-test. Error 
bars represent standard deviation.  
(C) Metagene plots showing RNA Pol II distributions for wild type (gray) and rtt109∆ 
(red, upper panel), H3K56R (blue, middle panel), or Asf1-AA (teal, lower panel) 
throughout the gene body from TSS to TTS (including 100 bp upstream of TSS and 200 
bp downstream of TTS) fitted into a 500 bp window. The mean nascent transcript levels 
are normalized according to both spike-in numbers and each gene’s individual expression 
level. Shaded area represents the 95% confidence interval.  
(D) Scatterplot showing nascent transcript levels for all coding regions between wild type 
and rpb1-N488D (“slow” Pol II).  
(E) Metagene plot showing RNA Pol II distribution throughout the gene body, as in (C). 
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Figure 2.5. H3-K56Ac promotes transcription initiation.  
 
(A) Experimental design for TT-Seq and 4sU-Seq. Asynchronous WT and rtt109∆ cells 
were labeled with 2.5 mM 4tU for 10 min. Following fragmentation (TT-Seq libraries) or 
no fragmentation (4sU-Seq libraries), 4sU-labeled RNAs were isolated and sequenced.   
(B-C) Scatterplots showing coding nascent transcript levels (B), and cryptic intragenic 
transcript levels (C) between wild type and rtt109∆ by TT-Seq. All reads are normalized 
according to ERCC spike-in numbers. 
(D) Selected genome browser view comparing wild-type (gray) and rtt109∆ (red) for TT-
Seq and 4sU-Seq libraries. Note the expected lack of transcripts from the RTT109 locus 
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H3K56Ac represses transcription during S phase 
 
       A recent study implicated Rtt109 and H3K56Ac as global, negative regulators of 
transcription during S phase, and these investigators proposed that H3K56Ac-mediated 
repression functions to buffer gene-dosage imbalance following passage of the replication 
fork (Voichek et al., 2016). Given that we do not observe such a repressive function for 
H3K56Ac in G1 or asynchronous cells, we used Net-seq analysis to investigate the 
transcriptional impact of H3K56Ac as cells progress from G1, through S phase, and into 
G2.  The Asf1-AA strain was arrested in G1 phase by treatment with alpha factor (aFT), 
and then cells were treated for 1 hour with DMSO or with rapamycin to deplete the Asf1 
subunit of the Rtt109 HAT complex from the nucleus. Cells were then released into a 
synchronous cell cycle by washing into media lacking aFT and containing or lacking 
rapamycin. Samples were collected for Net-seq analysis at time zero (G1), 30’ post-
release (early S phase), 60’ post-release (late S phase), or 90’ post-release (G2) (Fig. 
2.7A). Cell cycle positions were determined by observing cell morphology, FACS 
analysis, and monitoring cell cycle regulated transcripts (Fig. 2.8).  
 
       We initially analyzed nascent transcripts for all coding genes, comparing levels in 
wildtype to those in cells depleted for Asf1 (Asf1-AA). First, we tested whether we could 
detect buffering of gene dosage as WT cells progressed through S phase. Consistent with 
buffering, WT gene expression levels in early and late S phase remained nearly identical 
to that of G1 cells, even though most genes had duplicated by the 60’ timepoint (Fig. 
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2.7B; Fig. 2.8 and 2.9A-F). Interestingly, the distribution of RNAPII along coding 
regions was unaltered as cells transited S phase (Fig. 2.9G).  As cells entered G2 phase 
(90’ time point), the gene expression profile showed a stepwise doubling (2.1-fold 
increase), compared to G1 cells, indicating a loss of dosage buffering as cells enter G2 
(Fig. 2.7B). 
 
       As expected (see Fig. 2.2E), depletion of Asf1 in G1 cells led to a global decrease in 
nascent RNAs compared to wildtype cells (3085 down-regulated genes ≥ 1.5 FC, FDR ≤ 
0.05) (Fig. 2.7B), but surprisingly, the depletion of Asf1 in either early or late S phase 
(30’ or 60’ timepoint) did not have a significant influence on global, nascent RNA levels 
compared to wild type (1.2-fold decrease) (Fig. 2.7B). However, as cells entered G2 
phase, nascent transcript levels were again significantly lower (1.7-fold decrease) 
compared to wildtype (90’ time point; Fig. 2.7B). Notably, as cells progressed from S to 
G2, transcripts increased 1.5-fold in the absence of Asf1, indicating that Asf1 may not be 










Figure 2.6: Scatterplots showing nascent transcript levels by 4sU-seq. 
 
(A-B) Scatterplots showing nascent coding transcript levels (A), and cryptic intragenic 
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Figure 2.7. Asf1 prevents promiscuous transcription during S phase.  
 
(A) Experimental design for S-phase studies. Cells were arrested in G1 by alpha-factor 
(αFT) for 1.5 hours and the histone chaperone Asf1 was depleted from the nucleus by a 1 
hour rapamycin treatment. Following arrest and depletion, cells were released into S-
phase and time points were collected at time zero (G1), 30 min post-release (early S-
phase), 60 min post-release (late S-phase) and 90 min post-release (G2).  
(B) Boxplot showing nascent transcript levels at different time points (G1, S30, S60, and 
S90) between wild type (red) and Asf1-AA (gray). Error bars represent standard 
deviation.  
(C) Schematic showing selection of early or late replicating genes based on previously 
identified early or late replicating origins (Yabuki et al., 2002). 4 kb upstream and 
downstream of replication origins were screened, and 238 early replicating and 212 late 
replicating genes were selected for analyses.  
(D-G) Boxplots showing nascent transcript levels at different time points (G1, S30, S60 
and S90) between wild type (red) and Asf1-AA (gray) for early replicating genes (D) or 
late replicating genes (E) for coding regions; Boxplots showing nascent transcript levels 
at different time points (G1, S30 and S90) between wild type (red) and Asf1-AA (gray) 
for cryptic antisense transcription at the vicinity of early replicating genes (F) or late 
replicating genes (G). Significance and p-values were calculated by using Mann-Whitney 
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       To further investigate the impact of H3K56Ac on S phase transcription, we evaluated 
the impact of Asf1 depletion on transcription of genes during replication fork passage. To 
this end, we identified 450 genes located 4 kb upstream or downstream of previously 
annotated yeast replication origins (ARSs), and then we categorized them as early- or 
late-replicating genes based on the known timing of ARSs (Yabuki et al., 2002) (Fig. 
2.7C). In wildtype cells, nascent transcript levels for these genes mirrored the analysis of 
all genes (1.7-fold increase, comparing the G1 and G2 time points). Surprisingly, 
depletion of Asf1 led to a dramatic increase (8-fold increase) in nascent transcript levels 
for early replicating genes in early S-phase (30’ timepoint), but expression was restored 
to a lower, G1 level by late S phase (60’ timepoint; Fig. 2.7D). Importantly, this lower 
level of expression in late S phase reflects productive buffering of early replicating genes, 
as expression of early replicating genes increased 1.7-fold as cells entered G2 at the 90’ 
time point. Likewise, late replicating genes showed a large increase (10.5-fold increase) 
in nascent RNAs only during late S phase (60’ time point), and these levels were 
decreased in G2 (90’ time point; Fig. 2.7E). These large increases in transcription due to 
Asf1 depletion were not limited to gene coding transcription, but cryptic anti-sense 
transcription showed nearly identical expression patterns (Fig. 2.7F,G). Similar results 
were also observed in synchronized rtt109∆ cells (Fig. 2.9H-I). These results suggest that 
H3K56Ac transiently functions as a transcriptional repressor during the replication 




Figure 2.8: FACS analysis for Asf1-AA cells. 
 
(A) FACS analysis for G1-arrested samples (α-factor), early S-phase (+30 min), late S-
phase (+60 min) and G2/M phase (+90 min) for WT (left) and Asf1-AA (right). (B-E) 
Plots showing normalized transcript levels of cell-cycle regulated genes at different time 
points (G1, S30, S60 and S90) for Histone H3 genes (B), Histone H4 genes (C), G1/S 



































































































































































































































Figure 2.9: Scatterplots showing nascent transcript levels in WT and Asf1-AA by 
NET-seq. 
 
(A-F) Scatterplots showing nascent coding transcript levels between G1 and S30 time 
point (A), S60 time point (B), and S90 time point (C) in wild type cells; levels between 
G1 and S30 time point (D), S60 time point (E), and S90 time point (F) in Asf1-AA cells.  
(G) Metagene plot showing RNA Pol II distribution throughout the gene body from TSS 
to TTS (including 100 bp upstream and 200 bp downstream of TTS) fitted into 500 bp. 
Plots are shown as wild type G1 (red), S30 time point (green), S60 time point (black) and 
S90 time point (blue). The mean nascent transcript levels are normalized according to 
both spike-in numbers and each gene’s individual expression level.  
(H, I) Boxplots showing nascent transcript levels at different time points (G1, S30, S60 
and S90) between wild type (red) and rtt109∆ (gray) for early replicating genes (H) or 
late replicating genes (I) for coding regions. Significance and p-values were calculated by 
using Mann-Whitney U-test. Error bars represent standard deviation.  
(J) Genome browser view of several genes around an early replication origin (ARS1006). 
Notice immediate transcriptional bursts (as indicated in red boxes) in Asf1-AA in S30 
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Figure 2.10: Scatterplots showing nascent transcript levels in WT and cac1∆ rtt106∆ 
by NET-seq. 
 
(A-H) Scatterplots showing nascent coding transcript levels between wild-type and Asf1-
AA for G1 (A), S30 (B), S60 (C), and S90 (D); between wild-type and cac1∆ rtt106∆ for 
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H3K56Ac promotes nucleosome assembly during S phase 
 
       Previous studies have demonstrated that Asf1 and H3K56Ac stimulate nucleosome 
assembly in vitro and promote timely nucleosome deposition in vivo (Li et al., 2008; 
Yadav and Whitehouse, 2016). Thus, one possibility is that Asf1 depletion leads to 
partially assembled chromatin structures that create a permissive environment for 
transcription, and that slow maturation of chromatin eventually restores a normal 
transcription level. One prediction of this model is that disruption of the Cac1/Rtt106 
nucleosome assembly machinery, which does not affect H3K56Ac levels (Li et al., 2008), 
should also lead to promiscuous transcription during S phase. Isogenic wildtype and 
cac1∆ rtt106∆ double mutants were arrested in G1, released into a synchronous S phase, 
and time points were harvested for Net-seq analyses. Remarkably, nascent transcription 
in the cac1∆ rtt106∆ double mutant closely mirrored the patterns observed after Asf1 
depletion (Fig. 2.11A,B).  For instance, transcription of early replicating genes was 
dramatically increased (25-fold increase) in the cac1∆ rtt106∆ double mutant during 
early S phase (30’ time point), and levels decreased back to wildtype levels by G2 phase 
(90’ time point). Likewise, transcription of late replicating genes was increased (13-fold 
increase) during late S phase and into G2 (60’ time point). Collectively, these data 
suggest that disruption of nucleosome assembly behind the replication fork creates a 




       Previous studies found that H3K56Ac had a weak impact on replication-coupled 
nucleosome assembly in vivo, though these studies only monitored bulk nucleosome 
assembly on the lagging strand (Yadav and Whitehouse, 2016). To directly assess the 
impact of H3K56Ac on the efficiency and timing of promoter nucleosome assembly 
during S phase, we used nascent chromatin avidin pulldown (NChAP) to probe 
nucleosome deposition and spacing on newly replicated DNA strands (Vasseur et al., 
2016). Wildtype or rtt109∆ cells were pulsed labeled with the nucleotide analog, 5-
ethynyl-2’-deoxyuridine (EdU), followed by a thymidine chase. Chromatin was then 
digested with micrococcal nuclease (MNase), and the isolated DNA fragments subjected 
to a click reaction that adds biotin to the newly synthesized DNA that incorporated EdU. 
Biotinylated DNA was then purified with streptavidin-coated magnetic beads, and the 
purified DNA used for preparation of sequencing libraries. Nucleosome profiles from all 
genes were aligned to their TSS, and two replicates of nascent profiles from either the 
wildtype or rtt109∆ strain were compared to a mid-log wildtype standard (Fig. 2.12A, left 
panels). As observed previously, newly replicated DNA in wildtype cells rapidly 
acquired the MNase pattern of the midlog wildtype control, reflecting rapid nucleosome 
assembly. In contrast, deposition of nucleosomes at promoters was disrupted at newly 
replicated DNA in the absence of Rtt109, and the disrupted pattern was largely restored 
by 15’ after EdU removal (Fig. 2.12A, right panels). Loss of Rtt109 led to a decrease in 
the peak-to-trough ratio of the MNase profile in nascent chromatin, consistent with poor 
nucleosome deposition (Fig. 2.12B, left panels). Furthermore, in the presence or absence 
of Rtt109, nucleosome spacing in newly replicated chromatin was expanded from 13bp to 
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20bp, but this slightly larger spacing persisted even in long-term, bulk samples from the 
rtt109∆ strain (Fig. 2.12B, right panel). Together, these data provide direct evidence that 
Rtt109, and thus H3K56Ac, is required for timely deposition of nucleosomes on newly 
replicated DNA, and furthermore, in the absence of H3K56Ac, the resulting disorganized 




















Figure 2.11. Delayed nucleosome assembly affects transcription during S phase. 
 
 (A, B) Boxplots showing nascent transcript levels at different time points (G1, S30, S60 
and S90) between wild type (red) and cac1∆ rtt106∆ (gray) for early replicating genes 
(A) or late replicating genes (B) for coding regions. Significance and p-values were 
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Figure 2.12. Maturation of nucleosome positioning is delayed in rtt109∆ cells.  
 
(A) Average TSS-aligned nucleosome profiles for all yeast genes for bothe WT (left 
panels) and rtt109∆ cells (right panels) from nascent (top) and bulk chromatin (bottom). 
Wild type profiles are taken from (Vasseur et al., 2016). Profiles for the earliest and latest 
time point after 5 min EdU pulse and 5 min thymidine chase (green) are shown for 
nascent profiles. The last time point from the corresponding total chromatin input fraction 
is shown for wild type replicate 1. Wild type mid-log standard profile (pink) is taken 
from (Weiner et al., 2010).  
(B) Average peak/trough ratios (for nucleosomes +2 to +7) (left) and average linker 
length (values in the center of the bar) (between nucleosomes +1 and +2, +2 and +3, +3 
and +4) (right). The error bars represent the standard deviation between time points in the 
EdU pulse chase experiment. The plot on the bottom left shows the changes in the 
average peak/trough ratio (nucleosomes +2 to +7) after EdU removal for 2 biological 
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       The Rtt109/Asf1-dependent formation of H3K56Ac marks newly assembled 
nucleosomes throughout the yeast genome, including nucleosomes assembled during 
DNA repair, DNA replication, and during replication-independent nucleosome turnover 
(Li et al., 2008; Masumoto et al., 2005; Rufiange et al., 2007). Prior studies have found 
that hot spots for H3K56Ac are localized at promoter proximal nucleosomes in the 
absence of DNA replication, reflecting their dynamic turnover (Kaplan et al., 2008; 
Rufiange et al., 2007). Importantly, H3K56Ac is not simply a passive mark, as H3K56Ac 
enhances the rapid turnover of promoter nucleosomes, creating a positive feedback loop 
(Kaplan et al., 2008).  Here we found that H3K56Ac stimulates transcription genome-
wide, consistent with a positive, direct role for promoter-proximal nucleosome turnover 
in enhancing transcription initiation.  
 
       How does H3K56Ac promote nucleosome turnover? H3K56 is located near the very 
edge of the nucleosome where it is involved in a water-mediated contact with 
nucleosomal DNA (Davey et al., 2002). Acetylation of H3K56 disrupts this contact, 
leading to enhanced “breathing” of the final 10bp of DNA at each end of the nucleosome 
(Neumann et al., 2009).  Importantly however, H3K56Ac does not grossly destabilize 
nucleosomes, nor does it alter the ability of nucleosomal arrays to fold into 30nm-like 
fibers (Watanabe et al., 2013; Watanabe et al., 2010). H3K56Ac stimulates the activity of 
a subset of chromatin remodeling enzymes, such as RSC, and this may help to promote 
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displacement of promoter proximal nucleosomes (Neumann et al., 2009). In addition, we 
have found that H3K56Ac alters the H2A.Z deposition activity of the SWR1C remodeler, 
consistent with functional connections between H2A.Z and H3K56Ac (Watanabe et al., 
2013). Thus, the data indicate that H3K56Ac likely enhances promoter nucleosome 
turnover by altering the substrate for multiple ATP-dependent remodeling enzymes.   
 
       Our data support the idea that H3K56Ac-stimulated nucleosome turnover provides a 
permissive environment for transcription, globally stimulating transcription initiation at 
both coding and noncoding loci. We also observed that loss of H3K56Ac causes 
redistribution of the remaining RNA Pol II (Fig. 2.4), with more RNAPII located over 
gene bodies and near the transcription termination site, as compared to wildtype cells. 
Indeed, loss of H3K56Ac mimics an altered RNAPII distribution due to an elongation 
defective, “slow” RNAPII. Why would loss of H3K56Ac cause polymerases to appear to 
slow? One attractive possibility is that the enhanced dynamics of H3K56Ac nucleosomes 
that are located within the coding region may promote the ability of RNAPII to elongate 
through nucleosomes. Consistent with a role in transcriptional elongation, both RTT109 
and ASF1 show negative genetic interactions with the gene encoding the TFIIS 
elongation factor, Dst1 (Fillingham et al., 2008; Krogan et al., 2003c). Finally, H3K56Ac 
is often enriched near the 3’ end of genes, so it is also possible that loss of H3K56Ac 
leads to more stable nucleosomes near the TTS. Such stable nucleosomes may promote 
RNAPII stalling, but not release, leading to an accumulation of RNAPII at the 3’ end of 




       During S phase, DNA replication provides a window of time where nucleosomes are 
displaced from gene promoters, and precise nucleosome positions and epigenetic marks 
must be restored onto newly assembled nucleosomes (Ramachandran and Henikoff, 
2015; Whitehouse and Smith, 2013). In yeast, promoter nucleosome architecture is re-
assembled within minutes of fork passage, whereas in Drosophila cells, nucleosomes are 
rapidly deposited, but re-formation of gene-specific nucleosome positions is delayed for 
at least an hour. It has been proposed that rapidly assembled, disorganized nucleosomes 
may enhance transcription factor specificity (Ramachandran et al., 2017). Here we have 
described another role for efficient and rapid nucleosome assembly behind the replication 
fork in which newly assembled nucleosomes repress aberrant levels of coding and 
noncoding transcripts. When assembly is delayed by loss of either the Asf1, Rtt109, or 
Cac1/Rtt106, transcription is dramatically increased during replication, with levels 
returning to near wildtype levels as nucleosome assembly and positioning are restored. 
We note that this aberrant transcription is higher in the absence of Cac1/Rtt106, 
compared to the lack of Asf1/Rtt109, and that the changes persist into late S or G2. These 
differences likely reflect the greater impact of these chaperones on nucleosome assembly 
and as well as slower kinetics for restoration of a normal assembly pattern. In addition, 
we see evidence for aberrant initiation events, with increased levels of Net-seq reads 
upstream of coding regions or on the opposite strand (Fig. 2.9J). Thus, these data provide 
further evidence that nucleosome assembly not only regulates transcription initiation but 




       Whereas depletion of Asf1 leads to a global decrease in transcription during G1 or 
G2 cells, there was surprisingly little impact at early or late S phase time points, with the 
exception of newly replicated loci. Previous work has indicated that promoter 
nucleosomes retain their rapid, dynamic behavior throughout S phase, as reflected by 
their continued enrichment for H3K56Ac (Kaplan et al., 2008; Kaufman and Rando, 
2010). Consequently, one might have envisioned that loss of H3K56Ac would lead to 
global decreases in transcription irrespective of cell cycle position. One possibility is that 
the positive impact of H3K56Ac may be masked in S phase by the high level of aberrant 
transcription that occurs due to poor nucleosome assembly in the absence of Asf1. In this 
case, although the majority of cells appear to move synchronously through S phase, there 
may be heterogeneity in the cell population whereby genes are replicating either too early 
or too late in a fraction of cells.  Such imprecise synchrony would also lead to 
heterogeneity in the transcriptional consequences for loss of H3K56Ac, masking the 
positive role for this mark. Consistent with this view, loss of the Cac1 and Rtt106 
chaperones also leads to a global increase in transcription, even in early S phase, 
including significant increases for late replicating genes (Fig. 2.7G and Fig. 2.10F). 
 
       In eukaryotic cells, mRNA synthesis rates are scaled to both DNA content and cell 
size. During S phase, chromosome number duplicates, but mRNA synthesis rates do not 
show a corresponding increase until cell size increases in G2. Currently, it is unclear if 
only one of the two gene copies is actively transcribed, or if both copies are only 
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expressed at 50% of the normal level. Recently, Voichek and colleagues devised a screen 
for yeast mutants that might be defective for this transcriptional buffering phenomenon 
by screening for mutants in which gene expression levels negatively correlated with gene 
replication timing (Bar-Ziv et al., 2016; Voichek et al., 2016). They found that 
inactivation of either Rtt109 or Asf1 increased expression of early replicating genes, 
relative to late replicating genes, as cells transitioned through S phase (Voichek et al., 
2016). They concluded that H3K56Ac is essential for buffering mRNA synthesis in 
response to changes in gene dosage (Voichek et al., 2016). Our data also support a 
transient, repressive role for H3K56Ac during S phase, but this function involves 
nucleosome assembly and appears to be independent of transcriptional buffering. 
Importantly, nascent transcripts undergo a stepwise, ~2x increase in expression as cells 
exit S phase and enter G2, even in the absence of Asf1. Thus, nucleosome assembly is 
essential to maintain proper levels of transcription during S phase, but this Asf1-
dependent process is independent of transcriptional homeostasis mechanisms that correct 
for gene dosage. 
 
       Together, our findings indicate that a single histone modification, H3K56Ac, 
functions as a global activator of transcription, likely by enhancing promoter nucleosome 
turnover. In addition, H3K56Ac ensures rapid and efficient nucleosome assembly during 
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Strains are listed in the Key Resources Table and were derivatives of either W303 (MATa 
his3-11, 15 leu2-3,112 trp1∆ ura3-1 ade2-1 can1-100) or BY4741 (MATa his3∆1 leu2∆0 
met15∆0). The following strains for NET-seq were modified with a 3xFLAG tag on 
Rpb3: rtt109∆ (this study), Asf1-AA (this study), cac1∆ rtt106∆ (this study), H3K56R 
(courtesy of  Dr. Paul D. Kaufman, UMMS), rpb1-N488D (“slow” Pol II) (courtesy of 
Dr. Stephen Buratowski, Harvard University). Unless otherwise noted, cells were 
cultivated in YPD (10% yeast extract, 20% bacterial peptone, and 2% glucose) at 30C. 
For S. pombe strain (JY741, WT Flag-Rbp3) (courtesy of Dr. Makoto Kimura, Kyushu 
University), cells were cultivated in YES (yeast extract, 10X aa supplement and 3% 
glucose). For α factor arrest, cells were grown to a density of 1.5-2.5 x 107 cells/ml in 
YPD and arrested by 5 µg/ml αF for 1.5 hours. Arrest was confirmed by microscopic 
observation after 90 min. 
 
RNA isolation 
Cells were grown to mid-log phase, and centrifuged at 1500g for 3 min at 4C. Following 
resuspension in 1 ml cold water and brief centrifugation at 4C, cells were resuspended in 
400 µl TES (10 mM Tris-Cl pH 7.5, 10 mM EDTA, 0.5% SDS). 400 µl acid phenol 
(preheated to 65C) was added and samples were incubated at 65C for 60 min with brief 
vortexing. After centrifugation, top (aqueous) phase was transferred to a new tube, 
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Total RNA was isolated with hot acidic phenol as described above. Library preparation 
was performed as described63 with the addition of an ERCC spike-in mix for 2 biological 
replicates. After library construction, size of the library was determined by Fragment 
Analyzer and the concentrations were determined by Qubit 4.0 fluorometer (Invitrogen). 
Sequencing of all samples was carried out on an Illumina NextSeq 500 with a read length 
of 150 (paired-end). 
 
RNA-seq data preprocessing and normalization 
FASTQ files from paired end libraries were collapsed by barcode and the Illumina 
adapter sequence was trimmed from the 3’ end. Files were uploaded and analyzed using 
the Galaxy web platform (Afgan et al., 2018). Reads were first aligned using Bowtie2 
(Langmead and Salzberg, 2012; Langmead et al., 2009) to S. cerevisiae rRNA, tRNA, 
and RDN sequences to remove contaminating reads. Reads were then aligned to a 
combined version of the S. cerevisiae genome (SacCer3, SGD) and a list of ERCC spike-
ins with TopHat2 (Kim et al., 2013) allowing up to two mismatches. The reads were 
separated by their respective genomes with SAMtools (Li et al., 2009), and only uniquely 
mapped reads were used for further analyses. For visualization in USCS genome browser, 
libraries were normalized by ERCC spike-in numbers. To compare RNA expression 
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between samples, HTseq 0.9.1 (Anders et al., 2015) was used to count the number of 
reads that aligned to each annotated gene. The annotation file for the S. cerevisiae 
genome was generated from the Xu et al. dataset (Xu et al., 2009). Differential 
expression analysis was performed using edgeR (Robinson et al., 2010) or in excel using 
the R qvalue package.  
 
NET-seq 
NET-Seq conditions, immunoprecipitations, isolation of nascent RNA, and library 
construction were carried out as previously described (Churchman and Weissman, 2011) 
for 2 biological replicates for wild type and 2 biological replicates for mutants (rtt109∆, 
Asf1-AA, H3K56R, cac1∆ rtt106∆ or Slow Pol II) with several modifications including 
addition of S. pombe cells as spike-in control. Briefly, overnight cultures from single 
yeast colonies were diluted to an OD600=0.05 in 1 L of YPD. Cells were grown at 30C 
until OD600=0.8. Rapamycin was added at a final concentration of 8 µg/mL at 
OD600=0.25 for cells with anchor-away background and cells were grown for 3 h 
(OD600=0.7-0.8). To normalize the sequencing libraries, S. pombe cells were mixed with 
S. cerevisiae cells at a 1:10 ratio, and the cells were harvested as described in 
(Churchman and Weissman, 2011). After library construction, size of the library was 
determined by Fragment Analyzer and the concentrations were determined by Qubit 4.0 
fluorometer (Invitrogen). 3’ end sequencing of all samples was carried out on an Illumina 




NET-seq data preprocessing and normalization 
NET-seq reads were processed and aligned as follows using the Galaxy web platform 
(Afgan et al., 2018). The adapter sequence was (ATCTCGTATGCCGTCTTCTGCTTG) 
removed and the random hexamer sequence was removed from the 5’ end. The 3’ ends of 
the reads were then trimmed for quality using FASTQ Quality Timmer by sliding 
window (Blankenberg et al., 2010) with a window size of 10 and a step size of 5. The 
reads were trimmed until the aggregate score was ≥ 21. Reads were first aligned using 
Bowtie2 (Langmead and Salzberg, 2012; Langmead et al., 2009) to a combined FASTA 
file of S. cerevisiae and S. pombe rRNA, tRNA, and RDN sequences to remove 
contaminating reads. Reads were then aligned to a combined version of the S. cerevisiae 
genome (SacCer3, SGD) and the S. pombe genome (ASM294v.2, PomBase) with 
TopHat2 (Kim et al., 2013), allowing up to three mismatches. The reads were separated 
by their respective genomes with SAMtools (Li et al., 2009), and only uniquely mapped 
reads were used for further analyses. Libraries were normalized by scaling the uniquely 
mapped S. pombe reads to 100,000 reads. This scaling factor was then used to scale the 
uniquely mapped S. cerevisiae reads. To account for differences between sequencing run 
depth for various NextSeq runs, the pombe-scaled WT S. cerevisiae read counts were 
then scaled to 1 M reads, and this additional scaling factor was included to scale the 
sample reads. Finally, only the 5’ end of the sequencing read, which corresponds to the 3’ 
end of the nascent RNA was recorded and used for downstream analyses. TSS and TTS 
annotation was obtained from (Xu et al., 2009). Read counts for genes and non-coding 
regions were obtained by summing normalized base pair reads over the region of interest. 
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For average profiles, BAM files of biological replicates were merged and processed as 
above, and only genes longer than 500 bp were analyzed. Genes were scaled to 500 bp, 
and samples were scored in 1 bp bins using the deepTools program (Ramirez et al., 
2016). Reads were analyzed as in (Harlen et al., 2016). To calculate 5’ to 3’ ratios, the 
sum of reads from 1-250 bp from the TSS were divided by the sum of reads 250 bp 
upstream of the TTS to the TTS. 
 
TT-seq 
TT-Seq experiment was performed as described (Schwalb et al., 2016) for 2 biological 
replicates. Briefly, 1.5 x 107 S. cerevisiae cells were labeled with 2.5 mM of 4-thiouracil 
(4sU) (Sigma-Aldrich) for 10 min. Cells were harvested by centrifugation at 3000g for 2 
min. Total RNA was extracted with hot acid phenol as described above. RNAs were 
sonicated to generate fragments of < 1.5 kbp using Bioruptor Standard (Diagenode). 4sU-
labeled RNA was purified from 150 µg total fragmented RNA. Labeled RNA was 
separated with streptavidin beads (Thermo Fisher Scientific) as described in (Schwalb et 
al., 2016). Strand-specific library preparation for labeled RNA was performed as 
described (Zhang et al., 2012). After library construction, size of the library was 
determined by Fragment Analyzer and the concentrations were determined by Qubit 4.0 
fluorometer (Invitrogen). Sequencing of all samples was carried out on an Illumina 
NextSeq 500 with a read length of 150 (paired-end). 
 
TT-seq data preprocessing and normalization 
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TT-seq data preprocessing was essentially done as described (Schwalb et al., 2016). 
Briefly, FASTQ files from paired end libraries were collapsed by barcode and the 
Illumina adapter sequence was trimmed from the 3’ end. Files were uploaded and 
analyzed using the Galaxy web platform (Afgan et al., 2018). Reads were first aligned 
using Bowtie2 (Langmead and Salzberg, 2012; Langmead et al., 2009) to S. cerevisiae 
rRNA, tRNA, and RDN sequences to remove contaminating reads. Reads were then 
aligned to a combined version of the S. cerevisiae genome (SacCer3, SGD) and a list of 
ERCC spike-ins with TopHat2 (Kim et al., 2013) allowing up to two mismatches. The 
reads were separated by their respective genomes with SAMtools (Li et al., 2009), and 
only uniquely mapped reads were used for further analyses. For visualization in USCS 
genome browser, libraries were normalized by ERCC spike-in numbers. To compare 
RNA expression between samples, HTseq 0.9.1 (Anders et al., 2015) was used to count 
the number of reads that aligned to each annotated gene. The annotation file for the S. 
cerevisiae genome was generated from the Xu et al. dataset (Xu et al., 2009). Differential 
expression analysis was performed using edgeR (Robinson et al., 2010) or in excel using 
the R qvalue package. All sequencing data has been submitted to GEO under the 
accession number: GSE125843. 
 
EdU-Thymidine Pulse-Chase 
EdU-Thymidine pulse-chase experiment was done as described (Vasseur et al., 2016) for 
2 biological replicates. Briefly, cells were grown in SCD-Ura overnight at 30C to an 
OD600=1. Later, cell pellets were mixed with SCD-Ura + 10 µΜ ΕdU. Thymidine (5 mM 
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final concentration) was added after 5 or 20 min incubation with EdU at 30C and 
incubated for another 5 or 10 min. Purified EdU-labeled DNA was mixed with biotin 
azide solution in CuBr solution. After 2h incubation at 37C, DNA was precipitated with 
sodium acetate and ethanol.  
 
DATA AVAILABILITY 
All relevant data are available from the authors. All sequencing datasets are submitted to 






































INO80C CHROMATIN REMODELER PREVENTS PROMISCUOUS 































Contributions to this chapter: Salih Topal performed NET-seq and Break-seq 
experiments, analyzed sequencing datasets, created mutant strains, and performed spot 
dilution growth assays. Chris Van performed generation and analysis of ChIP-seq in 
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       The INO80 chromatin-remodeling complex (INO80C) facilitates DNA replication in 
both yeast and mammalian cells, though its precise roles in replication are not fully 
known. Here we investigate recruitment of INO80C to replication origins, and find that 
INO80C co-localizes with the Origin Recognition Complex (ORC) at yeast origins, and it 
is bound to replication initiation sites in mouse embryonic stem cells (mESCs).  In yeast, 
INO80C recruitment requires origin sequences, but does not require an intact ORC, 
suggesting that recruitment is independent of pre-replication complex assembly.  In both 
yeast and ESCs, INO80C co-localizes at origins with the Mot1 and NC2 transcription 
factors, and genetic studies suggest that they function together to promote genome 
stability. Interestingly, nascent transcript sequencing demonstrates that INO80C and 
Mot1 prevent pervasive transcription through origin sequences, and the absence of these 
factors leads to formation of new DNA double strand breaks near origins. We propose 
that INO80C and Mot1/NC2 function through two distinct pathways to limit origin 











       Eukaryotic genomes are organized into complex chromatin structures that at the most 
basic level consist of long, linear arrays of nucleosomes that each contain ~147 bp of 
DNA wrapped nearly twice around an octamer of the core histones.  The posttranslational 
modification of histones and the incorporation of histone variants, such as H2A.Z, can 
alter the biophysical properties of chromatin fibers as well as modulate interactions with 
a plethora of non-histone proteins. Though many studies have focused on how chromatin 
contributes to the regulation of gene transcription, nucleosome assembly impacts all 
DNA-mediated processes within the cell nucleus, including DNA repair and replication.  
Indeed, recent in vitro studies have shown that chromatin regulates many steps of DNA 
replication, including binding of the Origin Recognition Complex (ORC), origin 
licensing, origin activation, efficiency of fork progression, and lagging strand DNA 
synthesis (Eaton et al., 2010; Gros et al., 2014; Kurat et al., 2017). 
 
       In budding yeast, replication origins are typically short (~150 bp) DNA sequence 
elements that contain a consensus match to an 11nt Autonomous Consensus Sequence 
(ACS) that is necessary but not sufficient for origin function (Bolon and Bielinsky, 2006; 
Eaton et al., 2010; Newlon and Theis, 1993; Stinchcomb et al., 1979). The ACS is 
recognized by the multi-subunit, Origin Recognition Complex (ORC), which is bound to 
origins throughout the cell cycle and recruits several key replication factors in late G2/M 
and G1 phases to form a pre-replication complex (preRC) (Diffley et al., 1995; Diffley et 
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al., 1994; Hawkins et al., 2013). The preRC is activated at the G1/S boundary by the 
action of cell cycle kinases, leading to origin activation and replication initiation 
(Aparicio, 2013; Sclafani and Holzen, 2007). Binding of ORC to origin DNA is also 
sufficient for preRC assembly in mammalian cells, though in this case, origins do not 
contain a specific DNA sequence (Takeda et al., 2005). Notably, yeast replication origins 
are largely nucleosome-free even in the absence of ORC binding, and the binding of 
ORC leads to further positioning of adjacent nucleosomes (Eaton et al., 2010; Lipford 
and Bell, 2001).  In vivo and in vitro studies have shown that alterations in nucleosome 
positioning can reduce origin efficiency by impinging both on ORC binding and origin 
activation (Azmi et al., 2017; Lipford and Bell, 2001; Rodriguez et al., 2017). Yeast 
replication origins are also defined as early or late origins based on their respective 
replication timing during S-phase and it has been shown that the efficiency of origins 
depend on their chromatin landscape (Heun et al., 2001; Raghuraman et al., 2001; 
Soriano et al., 2014).  
 
       INO80C is an evolutionarily conserved, multi-subunit chromatin remodeling enzyme 
that plays roles in gene transcription, DNA double strand break repair, and DNA 
replication (Papamichos-Chronakis et al., 2006; Shimada et al., 2008; van Attikum et al., 
2004; Xue et al., 2015). Early studies in yeast suggested that INO80C may be bound to 
many replication origins in G1 and that the enzyme is recruited to stalled replication forks 
(Papamichos-Chronakis and Peterson, 2008; Shimada et al., 2008).  Furthermore, yeast 
cells that lack an intact INO80C show decreased replication fork elongation, instability of 
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stalled forks, and a poor ability of stalled forks to restart (Papamichos-Chronakis and 
Peterson, 2008; Shimada et al., 2008).  Consequently, inactivation of INO80C causes 
sensitivity to replication stress agents (Papamichos-Chronakis and Peterson, 2008; Shen 
et al., 2000; van Attikum et al., 2004). How and why INO80C is recruited to replication 
origins is not clear, though recent studies suggest that INO80C may stabilize stalled 
replication forks at least in part by resolving encounters between elongating RNA 
polymerases and forks. In vitro, INO80C has two known ATP-dependent activities: (1) 
mobilization and spacing of nucleosomes (Shen et al., 2003; Udugama et al., 2011), and 
(2) a nucleosome editing activity whereby INO80C removes one or both variant 
H2A.Z/H2B dimers from a nucleosome and replaces them with a canonical H2A/H2B 
dimer (Papamichos-Chronakis et al., 2011). Accordingly, yeast INO80C is required for 
proper positioning of promoter proximal nucleosomes at many yeast genes (Tramantano 
et al., 2016; Yen et al., 2012), and loss of INO80C leads to aberrant, genome-wide 
accumulation of H2A.Z-containing nucleosomes (Chambers et al., 2012; Lademann et 
al., 2017; Papamichos-Chronakis et al., 2006).   
 
       The ATPase subunit of INO80C was originally identified in a screen for mutants 
defective for activating genes in response to inositol depletion (Ebbert et al., 1999). 
Several further studies have shown that INO80C is required for activation of a subset of 
genes, including genes involved in metabolic pathways (Barbaric et al., 2007; Cai et al., 
2007). INO80C occupies most Transcription Start Sites (TSS) of yeast promoters, and it 
is also present at Transcription Termination Sites (TTS) (Xue et al., 2015; Yen et al., 
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2012; Yen et al., 2013). Related to its proximity to promoter regions, INO80C prevents 
bidirectional transcription at functional promoters (Marquardt et al., 2014), and loss of 
INO80C leads to increases in noncoding transcription (Alcid and Tsukiyama, 2014; Xue 
et al., 2017; Xue et al., 2015).  
 
       Mot1 is a Snf2-like ATPase that removes and redistributes TATA-binding protein 
(TBP) from DNA (Auble et al., 1994), while NC2 is a heterodimer that inhibits PIC 
formation (Cang and Prelich, 2002). Both Mot1 and NC2 have been shown to regulate 
antisense transcription by preventing PIC assembly near the 3’ end of genes (Koster and 
Timmers, 2015). Recently, we found that INO80C co-localizes with Mot1 and NC2 at 
intergenic regions in both yeast and mouse ESCs, and that these factors function 
coordinately to suppress intragenic, noncoding RNAs (ncRNAs) (Xue et al., 2017). How 
INO80C suppresses these ncRNAs is not yet known, though Mot1 and NC2 are likely to 
function by inhibiting binding of TBP to cryptic or low affinity binding sites, thereby 
preventing promiscuous transcription events.  Here we find that INO80C, Mot1, and NC2 
co-localize with ORC at yeast replication origins as well as replication initiation sites in 
ESCs, and loss of either INO80C or Mot1 leads to production of ncRNAs at origins. 
Yeast that lack INO80C, Mot1, or NC2 are sensitive to replication stress agents, 
suggesting that suppression of ncRNAs is important for genome stability. Strikingly, loss 
of INO80C and Mot1 cause an increase in DNA double strand breaks near origins, 






INO80C localization to replication origins requires origin DNA, but not a preRC 
 
       Previous studies suggested that INO80C localizes to at least a subset of yeast 
replication origins, though how INO80C is recruited to origins is not known 
(Papamichos-Chronakis and Peterson, 2008; Shimada et al., 2008). First, we tested 
whether recruitment of INO80C to an origin requires cis-acting DNA sequences.  
Following the arrest of cells in G1, samples were collected for chromatin 
immunoprecipitation (ChIP), monitoring enrichment of the Arp5 subunit of INO80C and 
the Orc2 subunit of ORC at an early firing origin, ARS432.5, and at a late firing origin, 
ARS501.  High levels of Orc2 were detected at both origins, whereas significant levels of 
Arp5 were only detected at the early origin, ARS432.5 (Fig. 3.1A).  Strikingly, a small, 
100 bp deletion at ARS342.5 eliminated both Orc2 and Arp5 recruitment (Fig. 3.1A). 










Figure 3.1: Fold Enrichment Levels of Orc2 and Arp5 by ChIP-qPCR.  
 
(A) Fold enrichment levels for Orc2 (left panel) or Arp5 (right panel) at SAP155 (a 
control gene), ARS501 (a late firing origin), ARS432.5 (an early firing origin), 0.2 kb 








































       We next investigated whether assembly of the preRC is required for INO80C 
recruitment to origins. To test this possibility, we used the anchor-way system to 
conditionally deplete Orc2 from the nucleus in G2/M-arrested cells (Haruki et al., 2008). 
Following Orc2 depletion, cells were released into media containing α-factor to arrest 
cells in the subsequent G1, followed by ChIP for Arp5 (INO80C) and Orc5 (preRC) (Fig. 
3.2A). As expected (Diffley et al., 1995; Diffley et al., 1994), Orc5 was enriched at all 
annotated replication origins in the presence of Orc2, but depletion of Orc2 in the 
previous G2/M nearly eliminated Orc5 recruitment in G1 cells (Figure 3.2B). Strikingly, 
Arp5 was also enriched at all replication origins, but recruitment of Arp5 was not 
affected by depletion of Orc2. Thus, INO80C recruitment to origins does not require 
ORC, and consequently, recruitment does not require assembly of the pre-RC. 
 
       There are 253 yeast replication origins with previously annotated ACSs 
(Nieduszynski et al., 2006; Soriano et al., 2014). We grouped these origins by their 
enrichment level for Arp5 as high, medium, or low (Fig. 3.2B). There are 45 origins 
enriched with high levels, 107 origins enriched with a medium level, and 101 origins 
enriched with low levels (Fig. 3.2B). We further characterized these subgroups by origin 
firing time and average transcription levels for flanking genes (Fig. 3.2C, D). Notably, 
origins with high INO80C enrichment corresponded to origins with the earliest firing 




Figure 3.2. INO80 localization to replication origins requires origin DNA, but not a 
preRC. 
 
 (A). Experimental design for ChIP-seq. (B) Heatmaps showing log2 mean intensity 
values for an average of two biological replicates (n=2) for all annotated replication 
origins (N=253) for preRC (left two panels) or INO80C (right two panels) recruitment 
between wild type and Orc2-depleted cells. (C) Heatmap showing intensities of all 
annotated origins as high, medium or low depending on their Arp5 binding levels. (D) 
log2 values for all annotated replication origins (N=253) based on their Arp5 binding 
category as high (dark blue), medium (light blue) or low (yellow). (E) Barplot showing 
replication time (min) for all origins based on their Arp5 binding category as high, 
medium or low. (F) Average transcription levels (tpm) for genes flanking yeast origins 
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Figure 3.2 (continued) 123
	
       Recently, we found that INO80C co-localizes with Mot1 and NC2 at promoter 
proximal regions, and we suggested that these three factors may function together to limit 
noncoding RNA expression (Xue et al., 2017). ChIP was used to investigate co-
localization of these factors to replication origins. As shown in Figure 3.3, all three 
factors co-localize at yeast replication origins, and increased levels of Mot1 and NC2 
were also found at origins with higher levels of Arp5 (INO80C) (Top 100, Fig. 3.3A). 
Recruitment of Mot1 to replication origins was lost following nuclear depletion of TATA 
Binding Protein (TBP), consistent with the known role of Mot1 in targeting TBP 
displacement (Fig. 3.3B). In contrast, recruitment of INO80C to origins was not disrupted 
by TBP depletion, indicating that the binding of INO80C at origins does not require 
either TBP or Mot1 (Fig. 3.3B). Thus, recruitment of INO80C to replication origins 
appears to be distinct from the binding of INO80C near gene transcription start sites 
(TSS) where we previously found that depletion of TBP eliminated the majority of 
INO80C recruitment.  
 
Roles of INO80C and Mot1 for genic transcription 
 
       Given that INO80C and Mot1 are enriched at replication origins that are adjacent to 
highly expressed genes, we tested whether this localization was linked to changes in gene 
transcription. We used the anchor away strategy to induce the rapid depletion of either 
the Ino80 ATPase or Mot1 from the nucleus, followed after one hour by analysis of 
nascent RNAPII transcripts by nascent elongating transcript sequencing (NET-seq) (Fig. 
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3.4A). Fission yeast cells were used as “spike-in” controls for normalization of 
sequencing libraries. Surprisingly, scatterplot analyses indicated that the individual 
depletion of Ino80 or Mot1 had little impact on gene transcription compared to wildtype 
when a ≥ 1.5-fold change was employed (FDR ≤ 0.05). Lowering the threshold to ≥ 1.25-
fold change revealed that loss of either Ino80 or Mot1 led to decreased expression of 
~1200 genes. In the case of Ino80, this set of genes showed a large overlap with genes 
that encode products involved with metabolism, similar to previously reported 
transcriptional defects (Fig. 3.5B; (Yao et al., 2016)). Furthermore, the simultaneous 
depletion of both Ino80 and Mot1 led to a more global decrease in nascent transcripts, 
with 1628 genes decreased by 1.5-fold or more (FDR ≤ 0.05) and 2342 genes decreased 
by 1.25-fold or more (FDR ≤ 0.05) (Fig. 3.4B and Fig. 3.5A). Notably, transcription of 
genes located adjacent to replication origins with high occupancy levels of INO80C and 
Mot1 were not significantly decreased, but rather showed slight increases in expression 
(Fig. 3.6A).  
 
       Next, we performed metagene analyses to analyze RNAPII distributions, normalizing 
RNAPII occupancy levels to the individual gene expression levels and plotted these 
values throughout all yeast genes (~5300 genes). Compared to wildtype, loss of Mot1 and 
Ino80 led to a global shift in the RNAPII distribution, with a large decrease in RNAPII at 
the 5’ end of genes and increased levels of RNAPII over the coding region (Fig. 3.4D). 
This re-distribution of RNAPII could indicate a global decrease in transcriptional 
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elongation or termination, or alternatively, the increased levels of RNAPII over gene 























Figure 3.3. Ino80, Mot1 and NC2 colocalize at yeast replication origins.  
 
(A) Average binding profiles of INO80 (orange), Mot1 (purple) and NC2 (green) at all 
yeast replication origins (top left); Mot1 (top right), INO80 (bottom left), and NC2 
(bottom right) in Top 100 (purple) and Bottom 100 (orange) in wild type by ChIP-seq. 
(B) Average binding profile of Mot1 (left panel) or INO80 (right panel) at all yeast 
replication origins in wild type or TBP-AA cells. The moving averages of log2 INO80, 
Mot1 or NC2 enrichment versus input were plotted by the distance from ARS, from 0 to 
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Figure 3.4. Roles of INO80C and Mot1 for genic transcription.  
 
(A) Experimental design for NET-seq. Wild type and mutant cells were treated with 
rapamycin for 1 hour. Following the addition of control, S. pombe cells, nascent RNAs 
associated with RNA Pol II were isolated and sequenced.  (B-C) NET-seq scatterplots 
showing log2 mean intensity values for an average of two biological replicates (n=2) for 
all coding nascent transcripts (N=5302) for INO80-AA, Mot1-AA and INO80-AA Mot1-
AA in (B), and antisense transcript levels for INO80-AA, Mot1-AA, and INO80-AA 
Mot1-AA in (C). All reads are normalized according to ERCC spike-in numbers. (D) 
Metagene plot showing RNA Pol II distribution throughout the gene body from TSS to 
TTS (including 100 bp upstream of TSS and 200 bp downstream of TTS) fitted into a 500 
bp window. WT-AA (in green), INO80-AA (blue), Mot1-AA (pink), and INO80-AA 
Mot1-AA (fuchsia). The mean nascent transcript levels are normalized according to both 
spike-in numbers and each gene’s individual expression level. A.U. arbitrary unit. (E) 
Venn diagrams showing correlation in numbers of sense downregulated and antisense 
upregulated genes (≥1.5 FC, FDR ≤ 0.05) in INO80-AA (left) and INO80-AA Mot1-AA 
(right). (F) Scatterplots showing nascent transcript levels for CUTs in INO80-AA, Mot1-
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Consistent with the latter view, genic anti-sense, nascent transcripts were increased in the 
absence of either Mot1 or Ino80 (Fig. 3.4C). Interestingly, these genic anti-sense 
transcripts were largely overlapping with genic sense transcripts that decreased following 
Ino80 and Mot1 depletion, suggesting that much the positive impact of Ino80 and Mot1 
on the yeast transcriptome may be due to transcriptional interference (Fig. 3.4E). 
 
INO80 and Mot1 prevent cryptic transcription around yeast replication origins 
 
       We previously found that INO80C acts together with Mot1 and NC2 to prevent 
cryptic transcription in intergenic regions near a subset of yeast TSSs (Xue et al., 2017). 
We analyzed our NET-seq results to interrogate ncRNA transcription surrounding 
replication origins. Depletion of either Ino80 or Mot1 led to increased levels of nascent 
RNA immediately adjacent to origins that were highly occupied by Arp5 (Fig. 3.6B, left 
panel). The simultaneous depletion of both Ino80 and Mot1 led to a further increase in 
ncRNA, consistent with non-redundant roles in preventing spurious ncRNA production 
(Fig. 3.6B, left panel). Nascent transcription levels were also higher at origins with low 
Arp5 enrichment, though the impact was smaller than the highly bound origins (Fig. 
3.6B, right panel). Strikingly, the increases in nascent, ncRNA were restricted to the 
region just 3’ of the ARS consensus sequence, with little changes upstream of origins.  
 
       We then exploited the high resolution of NET-seq to evaluate the impact of Ino80 
and Mot1 on synthesis of nascent ncRNAs at different intergenic regions. Consistent with  
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Figure 3.5: Correlation in numbers of down-regulated genes between INO80-AA, 
Mot1-AA and INO80-AA Mot1-AA.  
 
(A) Venn diagram showing correlation in numbers of down-regulated genes (≥1.5 FC, 
FDR≤0.05) between INO80-AA, Mot1-AA and INO80-AA Mot1-AA. (B) Venn diagram 
showing correlation in numbers of genes (≥1.5 FC, FDR≤0.05) for INO80-AA between 


































Figure 3.6. INO80 and Mot1 prevent cryptic transcription around yeast replication 
origins.  
 
(A) A scatter dot plot showing nascent transcription levels of genes flanking replication 
origins for INO80-AA (blue), Mot1-AA (pink) and INO80-AA Mot1-AA (fuchsia) for 
Top 100 (left graph) or Bottom 100 (right graph). (B) Average nascent transcription 
levels (as mutant – wild type) for INO80-AA (green), Mot1-AA (blue) or INO80-AA 
Mot1-AA (red) over a region of all ARSs (and 0.2 kb upstream and downstream of it) for 
Top 100 (left graph) or Bottom 100 (right graph). (C) Bar plots showing nascent 
transcript levels (as mutant – wild type) at NFRs (green), ARSs (red) or other intergenic 
regions (blue) for INO80-AA (left graph), Mot1-AA (middle graph) and INO80-AA 
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our previous studies, loss of either Ino80 or Mot1 increased nascent ncRNA from 
nucleosome depleted regions (NDRs) immediately adjacent to gene promoters, with 
Mot1 depletion having a more dramatic impact (Fig. 3.6C). Notably, ncRNAs near 
replication origins (ARSs) were higher than at NDRs in the absence of Ino80.  In 
contrast, there was little significant change in nascent transcription levels at other 
intragenic regions in all mutants (Fig. 3.6C). These results show that INO80, together 
with Mot1, prevent cryptic transcription near both replication origins and gene promoters. 
 
Nucleosome occupancy is disrupted in INO80-AA 
 
       How might Ino80 prevent cryptic transcription around replication origins? Previous 
work has shown that INO80C is key for proper positioning of nucleosomes adjacent to 
the start site of genes transcribed by RNAPII (the +1 nucleosome; (Tramantano et al., 
2016)). Based on these data, we asked whether INO80C regulates positioning of 
nucleosomes surrounding yeast replication origins, as changes in positioning may 
promote increased cryptic transcripts. We re-analyzed published nucleosome mapping 
data from an Ino80 depletion study, and we confirmed a small, downstream shift of 
promoter proximal nucleosomes in the absence of Ino80 (Fig. 3.7A; (Tramantano et al., 
2016)). Interestingly, we observed a more dramatic change in nucleosome positions 
surrounding yeast replication origins following Ino80 depletion (Fig. 3.7B). Specifically, 
the absence of Ino80 leads to encroachment of the origin by an upstream nucleosome, 
and a downstream, positioned nucleosome appears to be de-localized or lost.  These 
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results indicate that INO80C is important for proper nucleosome positioning around 
origins and that changes in positioning may be responsible for increased, cryptic 
transcription.  
 
Increases in cryptic transcription correlate with increased DNA breaks 
 
       Cells that lack Ino80 exhibit growth defects on media containing replication stress or 
DNA damaging agents, consistent with a role in genome stability pathways (Papamichos-
Chronakis et al., 2006; Papamichos-Chronakis and Peterson, 2008; Shen et al., 2000; 
Shimada et al., 2008; van Attikum et al., 2004). We investigated whether loss of Mot1 or 
NC2 would also give rise to similar genome instability phenotypes. Consistent with 
previous work, Ino80 depletion led to slow growth on media containing genotoxic stress 
agents, such as hydroxyurea (HU), methymethanesulfate (MMS), and campothecin (CPT) 
(Papamichos-Chronakis and Peterson, 2008; Shen et al., 2000) (Fig. 3.8A). Interestingly, 
depletion of either Mot1 or NC2 did not lead to much sensitivity to genotoxic stress, but 
in every case, the co-depletion of Mot1 or NC2 with Ino80 led to a synergistic sensitivity 
to genotoxic agents (Fig. 3.8A). These results are consistent with overlapping, partially 







Figure 3.7: Nucleosome occupancy is disrupted in INO80-AA.  
 
(A) Nucleosome occupancy over all yeast genes between wild type (blue) and INO80-AA 
(green). (B) Nucleosome occupancy over Top 100 yeast origins (left panel) or Bottom 






































Figure 3.8. Increases in cryptic transcription correlate with increased DNA breaks.  
 
(A) Wild type and mutant strains were spotted (1/10 dilutions) on YPD media containing 
either DMSO or 8 µg/ml rapamycin in the presence or absence of 0.1M HU, 0.005% 































































































































INO80C and Mot1 prevent DNA double strand breaks near yeast replication origins 
 
       We entertained the idea that sensitivity to genotoxic stress agents might be linked to 
increased cryptic transcription. For instance, increased transcription may lead to conflicts 
between the replication and transcription machineries, leading to DNA double strand 
breaks (DSBs). To directly test this possibility, we utilized Break-seq to map DSBs 
genome-wide (Hoffman et al., 2015). We treated cells with rapamycin for 1 hour to 
deplete proteins of interest from the nucleus (Ino80, Mot1, or both), followed by 
treatment with or without 0.1M HU for 1 hour to create replication stress (Fig. 3.9A). 
After cell lysis, DNA breaks were end-repaired with biotinylated ATP, and sequencing 
libraries were prepared as described previously (Hoffman et al., 2015). Initially, we 
monitored genome browser views, finding that there appeared to be higher numbers of 
DSBs in all mutants compared to wildtype (Fig. 3.9B). Next, we used MACS2 to identify 
genomic regions significantly enriched for end-labeled, DSB signals, and bubble plots 
were used to illustrate both the number of peaks as well as their DSB density (e.g. break 
signal within each peak). In wildtype cells, the number of DSB peak regions increased 
following HU treatment, and there was also as a small increase in peak density (Fig. 
3.9C). In the absence of HU, depletion of Ino80 increased the number and intensity of 
peak regions, with more dramatic increases near replication origins (ARSs). Furthermore, 
HU treatment led to a large increase in DSB density near ARSs in the absence of Ino80 
(Fig. 3.9C). In contrast, loss of Mot1 had little impact on DSBs either in the presence or 
absence of HU, though co-depletion of both Ino80 and Mot1 resulted in large increases in  
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Figure 3.9. INO80C and Mot1 prevent double strand breaks near yeast replication 
origins. 
 
 (A) Experimental design for Break-seq. Wild type and mutant cells were treated with 
0.1M HU for 1 hour. Following cell lysis and end-repair for breaks, libraries were 
prepared. (B) Representative genome browser views of Break-seq and NET-seq for WT-
FRB, INO80-FRB, Mot1-FRB and INO80-FRB Mot1-FRB for a highlighted region in 
the yeast chromosome Chr XI. Notice the increase in intensity of peaks over highlighted 
region for replication origins ARS1114, ARS1114.5 and ARS1115 in the Break-seq 
genome browser view (top panel). The highlighted region in Break-seq is zoomed in and 
represented in the NET-seq genome browser view to show nascent transcript levels for 
the same region (middle panel). Bottom panel shows representative nucleosome 
occupancy for ARS1114 and 1 kb surrounding region of it for WT-FRB (green) and 
INO80-FRB (blue). (C-D) Bubble plots representing both peak densities and peak 
numbers for WT-FRB, INO80-FRB, Mot1-FRB or INO80-FRB Mot1-FRB with or 
without 0.1M HU for ARS or non-ARS regions (C) and for all strains with 0.1M HU for 






















































































































both the number and density of DSBs peaks, especially near replication origins (Fig. 
3.9C). Significantly, these increases were most prominent near ARS elements with high 
levels of bound Arp5 (top 100), correlating DSB formation to both INO80C binding and 
prevention of spurious ncRNAs (Fig. 3.9D).  
 
Ino80 and Mot1 regulate nascent transcription around origins in mESCs 
 
       The existence of cryptic transcription in both yeast and mammals, and conservation 
of INO80C, Mot1, and NC2 from yeast to human led us to investigate whether they play 
a role in regulation of cryptic transcription around origins in mESCs. We performed 
ChIP-seq for INO80, Mot1, and NC2 and compared the overlap between these factors 
and Replication Initiation Sites (RIS) (Fig. 3.10A-B). The analyses show that 40-60% of 
Ino80, Mot1, and NC2 overlap with RIS, while 40-50% of RIS overlap with Ino80, Mot1, 
or NC2 (Fig. 3.10A-B). We further looked at two clusters (C1 and C2) and occupancy of 
RIS and MINC components at a region of 3 kb flanking each side of RIS. Cluster C1 
consists mainly promoter regions and 3 kb further away from it, while cluster C2 mostly 
consists of introns and distal intergenic regions (Fig. 3.11C). To characterize features and 
quality of the reads of ChIP-seq data, we looked at region-gene association plots. Values 
in y-axis represent percentage of peaks from ChIP-seq found at a given genomic location 
from TSS (x-axis). Majority of reads (70%) were localized at the first 5 kb from TSS 
(Fig. 3.10D-E).  Average ChIP-seq signal intensities for the two clusters C1 and C2 were 




       ChIP-seq analyses revealed a stronger occupancy for MINC components in C1 
compared to C2 and this correlated well with RIS occupancy in C1 (Fig. 3.11A). On the 
other hand, occupancy for C2 was weak compared to C1 and this correlated with weaker 
RIS (Fig. 3.11A). We also analyzed the occupancy of MINC components and RIS for 3 
clusters C_hi, C_low, and C_no depending on their TBP levels (Fig. 3.11B). C_hi has 
high TBP, C_low has low TBP, and C_no has no TBP enrichment. As a control, they 
were compared to mRNA expression of adjacent genes in mock (log2RPKM). C_hi 
contains promoters of active genes and the heatmaps showed that it correlates with strong 
occupancy of MINC. Interestingly, while C_low contains less expressed genes, there 
were higher levels of promoter-bound MINC (Fig. 3.11B). C_no contains promoters of 
poorly expressed genes and occupancy levels of MINC components were almost 
undetectable (Fig. 3.11B). These results show that there is a strong correlation between 











Figure 3.10: Overlap between MINC and RIS.  
 
(A) Percentages of MINC overlap vs RIS. (B) Percentages of RIS overlap vs MINC. (C) 
Plot showing average ChIP-seq signal intensities centered at TSS (and a region of 3 kb 
upstream and downstream of TSS) for two clusters C1 (red) and C2 (blue). (D-E) 
Region-gene specific plot showing quality of ChIP-seq reads. Y-axis represents 
percentage of peaks from ChIP-seq found at a given genomic location from TSS (x-axis) 
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Figure 3.11. INO80 and Mot1 regulate nascent transcription around origins in 
mESCs.  
 
(A) Heatmaps of RIS, Mot1, INO80 and NC2 alongside changes in genic nascent RNA 
expression in INO80 Mot1 knockdown (log2 RPKM) separated in two clusters (C1 and 
C2) using the average enrichment of + or – 3 kb around the RIS region. (B) Heatmaps of 
RIS, TBP, Mot1, INO80 and NC2 alongside genic RNA expression in mock  (log2 
RPKM) separated in three clusters that were sorted first by Mot1 level, then TBP level 
using the average enrichment of + or – 3 kb around the TSS region. (C) Pie charts 
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       Multiple studies have shown that INO80C regulates transcription in yeast and human 
cells (Cai et al., 2007; Shen et al., 2000; Yao et al., 2016). Furthermore, INO80C has also 
been shown to be recruited to replication forks and help maintain replisome stability and 
genomic integrity (Papamichos-Chronakis and Peterson, 2008; Shimada et al., 2008). 
However, whether INO80’s role as a transcriptional regulator relates to its role in genome 
maintenance during replication has not been investigated. Recently, we have shown that 
INO80C localizes to gene boundaries, together with two transcription factors, Mot1 and 
NC2, and all three factors prevent the spreading of transcription into intergenic regions 
(Xue et al., 2017). Here, we report that INO80 functions together with Mot1 at replication 
origins where they maintain genome stability by preventing cryptic transcription.  
 
       We have found that three components of what we previously named MINC, INO80, 
Mot1, and NC2, bind to yeast and mammalian origin regions. Further characterization 
revealed that while the DNA sequence of a yeast origin is essential for binding of 
INO80C, the Orc2 subunit of the Origin Recognition Complex is not required for 
INO80C binding. This suggests that INO80C might use the nucleosome-depleted nature 
of ARS elements for recruitment, much in the same way that the related SWR1C 
complex is recruited to NDRs at gene promoter regions (Ranjan et al., 2013). Once 
recruited to origins, our data indicates that INO80C re-enforces proper positioning of 
nucleosomes surrounding yeast origins. Such positioning may not only facilitate more 
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efficient origin firing, but this activity may also help to occlude cryptic RNAPII 
promoters. Indeed, our data shows that the start of increased nascent transcription at ARS 
in INO80 depleted cells co-localizes with a downstream nucleosome that’s occupancy is 
reduced upon INO80 depletion. In agreement with this data, recent work in yeast has 
shown that INO80 depletion causes loss of the +1 nucleosome at transcription start sites 
genome-wide, leading to concomitant increases in cryptic transcription initiation at these 
locations (Challal et al., 2018). Together with the ability of Mot1 and NC2 to block 
assembly of pre-initiation complexes, we envision that INO80 chromatin remodeling 
activity blocks spurious transcription from impinging on replication functions, as well as 
limiting transcription-replication conflicts that can lead to DSBs. The latter part of this 
model implies that the spurious transcription block by INO80 would occur temporally 
during S-phase, at the same time as replication initiation. Interestingly, past work in yeast 
has shown that INO80 almost exclusively binds ARS during S-phase (Falbo et al., 2009), 
suggesting its role as a transcriptional repressor at these loci is directly related to limiting 
transcription-replication conflicts. Our results are consistent with a recent study 
demonstrating that non-coding transcription correlates with low ARS efficiency and late 
replication timing (Soudet et al., 2018). 
 
       The transcription and replication machineries often find themselves occupying the 
same genomic regions, leading to the potential for collisions that can lead to replication 
fork collapse and DNA double strand breaks. In mammalian cells, transcription is 
transiently inhibited as replication forks approach, presumably limiting collision events.  
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By analogy, we find that the INO80C remodeler and the Mot1/NC2 co-repressors 
function at replication origins to prevent cryptic transcription that can have a negative 
impact on replication.  
 
       Interest around the INO80 chromatin-remodeling complex has picked up in recent 
years due to its increasing relevance to cancer. Mining of the cancer genome atlas 
(TCGA) has revealed that INO80C is widely amplified across cancer subtypes (Lee et al., 
2017). Furthermore, several cancers have demonstrated an inability to proliferate in the 
absence of INO80 (Zhang et al., 2017; Zhou et al., 2016). While a role for INO80 in 
activating oncogenic transcription has been proposed, the causal role of INO80 in tumor 
growth is largely unknown. Based off our findings in yeast, it is attractive to speculate 
that the highly conserved INO80C functions as a genome protectant in fast-dividing 
tumor cells, at least in part through preventing transcription-replication conflicts. Certain 
lines of evidence support this possibility: 1. INO80 primarily binds chromatin during S-
phase in human cancer cells (Vassileva et al., 2014), 2. INO80 prevents replication fork 
stalling and the DNA damage response in human colon cancer cells (Lee et al., 2017), 
and 3. Increases in cryptic transcription near origins of replication in HeLa cells generate 
collisions, DNA-damage, and cellular senescence (Nojima et al., 2018). It is thus possible 
that certain cancers might become dependent on INO80’s function as a transcriptional 
repressor to avoid transcription-replication collisions and DNA damage. Such a 
mechanism in cancer would make INO80 a promising target for therapeutic intervention, 
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as its inhibition could generate DNA damage and subsequent apoptosis or senescence in 
cycling tumor cells.  
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Strains listed below were derivatives of either W303 (MATa his3-11, 15 leu2-3,112 trp1∆ 
ura3-1 ade2-1 can1-100) or BY4741 (MATa his3∆1 leu2∆0 met15∆0). The following 
strains for NET-seq were modified with a 3xFLAG tag on Rpb3: WT-FRB, INO80-FRB, 
Mot1-FRB and INO80-FRB Mot1-FRB (courtesy of Marc Timmers, University of 
Freiburg). Unless otherwise noted, cells were cultivated in YPD (10% yeast extract, 20% 
bacterial peptone, and 2% glucose) at 30C. For S. pombe strain (JY741, WT Flag-Rbp3) 
(courtesy of Dr. Makoto Kimura, Kyushu University), cells were cultivated in YES (yeast 
extract, 10X aa supplement and 3% glucose). For α factor arrest, cells were grown to a 
density of 1.5-2.5 x 107 cells/ml in YPD and arrested by 5 µg/ml αF for 1 hour. Arrest 
was confirmed by microscopic observation after 90 min. For nocodazole arrest, overnight 
cultured cells were diluted to OD600=0.1 and cells were grown to OD600=0.4 in YPD and 
arrested by 0.2M nocodazole for 1 hour. 
 
Strains used in this study 
WT-FRB Rpb3-3xFLAG strain MATα leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-
11,15  tor1-1 fpr1::NAT RPL13A-2 x FKBP12::TRP1 ∆ade2-1::ADE2) (Marc Timmers) 
WT-FRB Rpb3-3xFLAG strain, isogenic to WT-FRB strain except rbp3::RPB3-
3xFLAG::NAT) (this study) 
INO80-FRB strain, isogenic to WT-FRB except INO80-FRB::hyhMX6 (Marc Timmers) 
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IN080-FRB Rpb3-3xFLAG strain, isogenic to WT-FRB Rpb3-3xFLAG strain except 
INO80-FRB::hyhMX6) (this study) 
Mot1-FRB strain, isogenic to WT-FRB except Mot1-FRB::HIS3 (Marc Timmers) 
Mot1-FRB Rpb3-3xFLAG strain, isogenic to WT-FRB Rpb3-3xFLAG strain except 
Mot1-FRB::HIS3) (this study) 
INO80-FRB Mot1-FRB strain, isogenic to WT-FRB except INO80-FRB::hyhMX6 
Mot1-FRB::HIS3 (Marc Timmers) 
IN080-FRB Mot1-FRB Rpb3-3xFLAG strain, isogenic to WT-FRB Rpb3-3xFLAG strain 
except of INO80-FRB::hyhMX6 Mot1-FRB::HIS3) (this study) 
Orc2-FRB strain, MATa tor1-1 fpr1::loxP-LEU2-loxP RPL13A-2x FKBP12:loxP 
Bar1∆::HISG Orc2-FRB::HIS3MX6 
WT Rbp3-3xFLAG S. pombe strain (h-Flag-rbp3 ade6-M216 ura4-D18 leu1) (NBRP, 
(Kimura et al., 2001)) 
 
Serial Dilution Growth Assay 
Cells were cultured to saturation in 5 mL YPD overnight. Cells were diluted to an 
OD600=0.1 and were grown until OD600=1. Yeast cells were resuspended in sterile dH2O, 
serially diluted 10-fold four times, and 6 µl of each dilution was spotted onto plates of 
indicated media. Where used, DMSO was 0.1% vol/vol, rapamycin was 8 µg/ml, methyl 
methanesulfonate (MMS) was 0.005% wt/vol, hydroxyurea (HU) was 0.1M and 





NET-seq conditions, immunoprecipitations, isolation of nascent RNA, and library 
construction were carried out as previously described in (Churchman and Weissman, 
2011) for 2 biological replicates for wild type and 2 biological replicates for mutants 
(INO80-FRB, Mot1-FRB and INO80-FRB Mot1-FRB) with several modifications 
including addition of S. pombe cells as spike-in control. Briefly, overnight cultures from 
single yeast colonies were diluted to an OD600=0.05 in 1 L of YPD. Cells were grown at 
30C until OD600=0.8. Rapamycin was added at a final concentration of 8 µg/mL at 
OD600=0.25 for cells with anchor-away background and cells were grown for 3 h 
(OD600=0.7-0.8). To normalize the sequencing libraries, S. pombe cells were mixed with 
S. cerevisiae cells at a 1:10 ratio, and the cells were harvested by filtration and cryogenic 
lysis. 3xFLAG-tagged RNA Pol II was immunoprecipitated and nascent RNAs were 
purified using miRNAeasy mini kit (Qiagen). Following ligation of pre-adenylated DNA 
linker onto purified nascent RNAs, RNAs were fragmented and reverse transcribed. 
Resulting cDNAs were circularized using DNA Circligase (Lucigen). Final PCR was 
performed to obtain double stranded product to sequence. Size of the library was 
determined by Fragment Analyzer and the concentrations were determined by Qubit 4.0 
fluorometer (Invitrogen). 3’ end sequencing of all samples was carried out on an Illumina 
NextSeq 500 with a read length of 75 (single end). 
 
NET-seq data preprocessing and normalization 
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NET-seq reads were processed and aligned as follows using the Galaxy web platform 
(Afgan et al., 2018). The adapter sequence was (ATCTCGTATGCCGTCTTCTGCTTG) 
removed and the random hexamer sequence was removed from the 5’ end. The 3’ ends of 
the reads were then trimmed for quality using FASTQ Quality Timmer by sliding 
window (Blankenberg et al., 2010) with a window size of 10 and a step size of 5. The 
reads were trimmed until the aggregate score was ≥ 21. Reads were first aligned using 
Bowtie2 (Langmead and Salzberg, 2012; Langmead et al., 2009) to a combined FASTA 
file of S. cerevisiae and S. pombe rRNA, tRNA, and RDN sequences to remove 
contaminating reads. Reads were then aligned to a combined version of the S. cerevisiae 
genome (SacCer3, SGD) and the S. pombe genome (ASM294v.2, PomBase) with 
TopHat2 (Kim et al., 2013), allowing up to three mismatches. The reads were separated 
by their respective genomes with SAMtools (Li et al., 2009), and only uniquely mapped 
reads were used for further analyses. Libraries were normalized by scaling the uniquely 
mapped S. pombe reads to 100,000 reads. This scaling factor was then used to scale the 
uniquely mapped S. cerevisiae reads. To account for differences between sequencing run 
depth for various NextSeq runs, the pombe-scaled WT S. cerevisiae read counts were 
then scaled to 1 M reads, and this additional scaling factor was included to scale the 
sample reads. Finally, only the 5’ end of the sequencing read, which corresponds to the 3’ 
end of the nascent RNA was recorded and used for downstream analyses. TSS and TTS 
annotation was obtained from (Xu et al., 2009). Read counts for genes and non-coding 
regions were obtained by summing normalized base pair reads over the region of interest. 
For average profiles, BAM files of biological replicates were merged and processed as 
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above, and only genes longer than 500 bp were analyzed. Genes were scaled to 500 bp, 
and samples were scored in 1 bp bins using the deepTools program (Ramirez et al., 
2016). Reads were analyzed as in (Harlen et al., 2016). To calculate 5’ to 3’ ratios, the 
sum of reads from 1-250 bp from the TSS were divided by the sum of reads 250 bp 
upstream of the TTS to the TTS. 
 
Break-seq 
Break-seq libraries were prepared as described in (Hoffman et al., 2015) for 2 biological 
replicates. Briefly, overnight cultures were diluted to an OD600 = 0.1 in 100 ml YPD. 
Cells were grown at 30C until OD600 = 0.45-50. Rapamycin was added at a final 
concentration of 8 µg/ml and cells were grown for 1 h (until OD600=1.0). Cells were 
harvested and resuspended in 1ml of 50 mM EDTA. 50 µl of cells were combined with 
50 µl of 1% low melting temperature agarose (Lonza). Following in-gel labeling and 
sonication, libraries were prepared as described in (Hoffman et al., 2015). Paired-end 
sequencing was performed on an Illumina NextSeq 500 with a read length of 75 bp. 
 
Break-seq data preprocessing and normalization 
FASTQ files from paired end libraries were collapsed by barcode and the Illumina 
adaptor sequence was trimmed from the 3’ ends. Files were uploaded and analyzed using 
the Galaxy web platform (Afgan et al., 2018). Reads were aligned to S. cerevisiae 
genome (SacCer3, SGD) using Bowtie2 with a maximum fragment length for valid 
paired-end alignments set to 500 bp. Aligned reads were then filtered for quality and only 
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uniquely mapped paired reads were used for future analyses. BAM files were uploaded to 
SeqMonk and normalized by scaling to 1 million reads. MACS Peak Caller was used to 
identify new peaks in INO80-FRB, Mot1-FRB and INO80-FRB Mot1-FRB biological 
replicates using the mean WT-FRB file as the input (p value 1x10-5, 500 bp fragment 
size). Genome browser views were obtained by generating probes using a running 
window with a probe size of 1000 bp and a step size of 500 bp.  
 
ChIP-seq of Yeast 
All yeast cells were grown in YPD media at 30C in log phase for further treatments. 
Specifically, Orc2-FRB cells were arrested in G2/M by 0.2M nocodazole for 1 hour, and 
Orc2 was depleted by 8 µg/ml rapamycin for 1 hour. Cells were washed with dH2O three 
times to release from G2 and arrested in G1 by 5 µg/ml α-factor for 1 hour. After that, 
ChIP-seq libraries were prepared as described in (Xue et al., 2017). Briefly, cells were 
collected and crosslinked with 1% formaldehyde. Samples were lysed with glass beads in 
lysis buffer (50 mM HEPES, 140 mM NaCl, 10 mM EDTA, 5 mM EGTA, 1% Triton X-
100, 0.1% Na-deoxycholate, 0.5% N-Lauroyl Sarcosine) with protease inhibitors. 
Chromatin was collected by centrifugation, resuspended in lysis buffer and subjected to 
sonication. The supernatant from sonicated lysates were precleared with Protein A/G 
beads and ChIP was performed as described in (Kitada et al., 2012) using commercial 
antibodies. Libraries were prepared with a KAPA LTP kit and sequenced using the 




ChIP-seq of mESCs 
ChIP was performed as described in (Xue et al., 2017). Briefly, E14 cells were harvested 
at 70% confluency by trypsinization, followed by 1xDPBS wash. Following 
formaldeyde-crosslinking with a concentration of 0.75% for 10 min, cells were quenched 
with 100 mM glycine for 5 min. Cells were washed twice with cold PBS and the cell 
pellet was flash frozen in liquid nitrogen. Crosslinked cells were resuspended and 
sonicated in lysis buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 2 mM EDTA pH 8.0, 
0.1% SDS, and 1% Triton X-100). Cells were sonicated for 10 cycles at 15 s each with 30 
s between cycles at 4C on a Qsonica Q800R2 sonicator. Sonicated lysates were cleared 
and incubated overnight at 4C with 5-10 µg of antibody: Ino80: Proteintech, 18810-1-AP; 
NC2 Beta: Abcam, ab50783; murine Mot1: Abcam, ab72285. DNA/Protein-antibody 
conjugates were captured using Protein A/G beads blocked with 0.5% BSA (w/v) in PBS. 
Beads were washed twice with wash buffer. DNA was eluted in elution buffer 950 mM 
Tris-HCl pH 8.0, 10 mM EDTA, 1% SDS). Crosslinks were reversed overnight. RNA 
and protein were digested using RNase A and Proteinase K, respectively and DNA was 
purified with phenol chloroform extraction and ethanol precipitation. Libraries were 
prepared with KAPA LTP kit and sequenced using the Illumina HiSeq 2000 platform for 
50 bp single end reads. 
 
ChIP-seq data preprocessing and normalization 
FASTQ files from paired end libraries were collapsed by barcode and the Illumina 
adaptor sequence was trimmed from the 3’ ends. Files were uploaded and analyzed using 
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the Galaxy web platform (Afgan et al., 2018). Reads were aligned to S. cerevisiae 
genome (SacCer3, SGD) or Mus musculus genome (mm9, UCSC) using Bowtie2. After 
filtering out the clonal reads, the IP and input samples were shuffled to similar reads, IP 
samples were normalized to input using a custom script. S. cerevisiae and Mus musculus 
genomes were divided into 50-bp windows, and significant windows with a p value lower 
than 0.001 were selected as described in (Ferrari et al., 2012). The log2 ratio of ChIP 
versus input at significant windows was used to generate metagene profiles around the 
TSS and TTS or profiles centered at the TSS or TTS. The annotation of yeast TSS and 
TTS have been described in (Malabat et al., 2015). The annotation of mouse TSS and 
TTS were from UCSC and gene_ID beginning with NM were used during analysis.  
 
mESC replication analysis 
 
MINC binding sites, nascent RNA-seq in control and Mot1&INO80 double siRNA 
knockdown, and Replication Initiation Sites (RIS) in mouse ES cells were obtained from 
GSE95633 (PMID: 28735899) and GSE68347 (PMID: 26560631) respectively. The 
overlap between MINC and RIS was conducted using BEDTools (Quinlan, 2014) and the 
MINC binding and RIS occupancy profiles centered at the RIS were separated into two 
groups using the k-means clustering algorithm in Cluster 3.0 (de Hoon et al., 2004). The 
positions in cluster C1 and C2 were further analyzed using CEAS and GREAT 
(http://great.stanford.edu/public/html/) for the genomic distributionand distance to the 
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TSS, respectively. The analysis of MINC binding, RIS occupancy and relative nascent 
RNA change center as either TSS or RIS were as in our previous study (Xue et al., 2017). 
 
Nucleosome occupancy analysis 
Nucleosome occupancy mapping data in Supplementary Figure 5 was obtained from a 
previously published dataset under accession number SRP051897 (Tramantano et al., 
2016). Sequencing data for WT-FRB and INO80-FRB were reanalyzed in the Galaxy 
platform (Afgan et al., 2018). Briefly, BAM files were used to generate coverage bigwig 
files and subsequent data to plot over ARS region (and 500 bp upstream or downstream 
of ARS region). 
 
Primers used in this study 
DNA linker(Churchman and Weissman, 2011): 
/5rApp/(N1:25252525)(N1)(N1)(N1)(N1)(N1) CTGTAGGCACCATCAAT/3ddC/  
RT primer oLSC007(Churchman and Weissman, 2011): 5 
phos/atctcgtatgccgtcttctgcttg/iSp18/cactca/iS p18/tccgacgatcattgatggtgcctacag 3  
Reverse primer oNTI231(Churchman and Weissman, 2011): 5' 
CAAGCAGAAGACGGCATACGA 3'  
Custom primer for NET-seq oLSC006(Churchman and Weissman, 2011): 5' -
TCCGACGATCATTGATGGTGCCTACAG 3'   
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Internal RNA control for NET-seq oGAB11(Churchman and Weissman, 2011): 5'  agu 






















































































       Transcription has been studied extensively for over 50 years now, and the main 
subject has been how RNA Pol II can be recruited to the promoter regions and which 
proteins, transcription factors are involved in orchestrating it. With the advanced 
technology, genome-wide studies made us realize that RNA Pol II is very promiscuous 
and can transcribe anywhere throughout the genome. Specifically, nascent RNA 
sequencing methods such as NET-seq and TT-seq together with powerful yeast genetics 
allowed us to tease apart which histone modifications, transcription factors or proteins are 
involved in the regulation of the nascent transcription. In this work, I explore how 
chromatin dynamics can affect transcriptional regulation. First, I showed that a single 
histone modification, H3K56Ac, positively regulates both coding and noncoding 
transcription globally in a replication-independent manner. On the contrary, it prevents 
noncoding transcription around newly replicated regions by ensuring efficient 
nucleosome assembly. Second, I showed that a chromatin remodeler, INO80C, prevents 
noncoding transcription around the replication origins together with the transcription 
factor Mot1. These regulations indicate that chromatin affects transcription dynamically. 
 
H3K56Ac regulates transcription globally 
 
       H3K56 is located at the end of alpha-helical histone fold extension of histone H3 
where DNA enters and exits the nucleosomal dyad with a water-mediated contact (Luger 
et al., 1997). Acetylation at H3K56 residue disrupts this contact by increasing 
“breathing” of DNA that makes contact with the end of the fold extension of H3 
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(Neumann et al., 2009). Previous studies in the steady-state transcriptome reported that 
the loss of H3K56Ac does not lead to significant changes in the transcription levels 
(Lenstra et al., 2011; Rege et al., 2015; Williams et al., 2008). However, in this work, we 
show that H3K56Ac is a positive, global regulator for transcription, and both coding and 
noncoding transcription decreases following the loss of H3K56Ac (Topal et al., 2019). 
Furthermore, we show that H3K56Ac exerts important roles at different stages of the 
transcription cycle (initiation and elongation/termination). This dramatic difference 
regarding the effect of H3K56Ac on transcription is due to the state that the transcription 
is monitored at (steady-state vs. nascent-state), and thus similar results are observed when 
RNA degradation pathway is eliminated along with the loss of H3K56Ac in the steady-
state (Rege et al., 2015). These results show that H3K56Ac regulates transcription 
transiently in the nascent level, and it acts together with the co-transcriptional events such 
as RNA degradation to maintain the transcriptional homeostasis. 
 
       How can H3K56Ac affect transcription at this global scale? As discussed earlier, 
H3K56Ac is a prominent feature of the promoter-proximal nucleosomes and it has been 
reported that it enhances the nucleosome turnover (Kaplan et al., 2008; Rufiange et al., 
2007). It is still not known how it enhances turnover mechanistically, but it is thought 
that H3K56Ac alters nucleosomes for various chromatin remodeling enzymes and 
nucleosomes are displaced in a rapid way through actions of these enzymes. So, these 
rapid turnover events might allow more RNA Pol II proteins to bind, and initiate the 
transcription in a futile way. This activity would lead to accumulation of aberrant or 
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noncoding RNAs in the nascent level, and these transcripts would be degraded by the 
nuclear exosome in the wild type. Another possibility is that H3K56Ac might create a 
platform for some positive transcription factors to bind to promote the transcription. A 
direct way to test this would be performing ChIP to see if H3K56ac and the transcription 
factors of interest colocalize at the same genomic region in vivo, or a peptide pull-down 
assay to see if the transcription factors bind to the acetylated H3 peptides in vitro.  
 
H3K56Ac redistributes RNA Pol II over the gene bodies 
 
       A major finding from this work is that the loss of H3K56Ac leads to alterations in 
the RNA Pol II distribution throughout the gene body. RNA Pol II occupancy decreases 
at the TSS and increases at the gene body towards the TTS. One of the reasons for this 
redistribution might be the loss of the rapid nucleosome turnover due to the loss of 
H3K56Ac. The absence of H3K56Ac at the 5’ and 3’ ends of the genes makes 
nucleosomes occupying these regions to be more stable, and thus might cause fewer 
polymerases to bind to the promoter region at the 5’ end, while preventing termination of 
the polymerases at the 3’ end by stalling and causing an accumulation around the TTS. 
Another possibility is that H3K56Ac might alter the speed of RNA Pol II. We have not 
measured the speed of RNA Pol II in any of our mutants, although RNA Pol II occupancy 
of the rtt109∆ strain follows a similar trend to the RNA Pol II occupancy of the Slow Pol 
II (rpb1-N488D). Thus, nascent transcriptome analyses can be performed in strains that 
harbor Pol II mutations such as rpb1-N488D for Slow Pol II or rpb1-E1103G for Fast Pol 
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II in a rtt109∆ background. The rpb1-N488D allele has a mutation in a residue in the 
active center of RNA Pol II and thus it slows down the polymerase; while the rpb1-
E1103G allele has a mutation in a residue that is located in the trigger loop, which plays 
an important role in the NTP selectivity, and thus it makes the polymerase faster than the 
wild type by allowing more misincorporation (Malagon et al., 2006). Therefore, 
differential speed of the RNA Pol II might lead to interesting outcomes such as Pol II 
accumulation at the TSS, even in the absence of H3K56Ac and this might be helpful to 
further explore the functional link between H3K56Ac and elongating RNA Pol II. 
 
H3K56Ac on dosage compensation 
        
       Genes replicating early in the S-phase duplicate their copy numbers earlier than the 
genes replicating later in the S-phase, and this difference leads to the gene dosage 
imbalance. At this point, the cell must keep mRNA levels constant until the whole 
genome is duplicated. As discussed earlier, Barkai and colleagues show that there is an 
increase in the nascent transcript levels following the loss of H3K56Ac and the dosage-
dependent transcriptional buffering is lost (Voichek et al., 2016). We show similar results 
for the nascent transcript levels during S-phase, but our data reveal that the increase in the 
nascent transcript levels is transient and is due to the delay in nucleosome assembly 
(Topal et al., 2019). In addition, we further show that the nascent transcript levels in 
Asf1-AA return to the G1 level after the transient increase, and a step-wise increase occur 
to double the transcript levels at the G2 phase (Topal et al., 2019). This finding 
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contradicts the previous results from the Barkai lab, and suggests that the transcriptional 
buffering is maintained even following the loss of H3K56Ac. 
 
       Why does the loss of H3K56Ac lead to an increase in the transcript levels during S-
phase, while its loss causes a global decrease in the transcript levels during G1? One 
possibility is that the loss of H3K56Ac creates a nucleosome-free region behind the 
replication fork and leads to promiscuous initiation by RNA Pol II. This sudden increase 
in the nascent transcript levels are restored later by the replication-dependent nucleosome 
assembly by the CAF1 complex and Rtt106. Indeed, we also show that the loss of both 
Caf1 and Rtt106 leads to similar results in the nascent transcript levels during S-phase, 
but the restoration in the transcript levels last longer (Topal et al., 2019), possibly due to 
the role of Caf1 and Rtt106 in the nucleosome assembly.  
 
       As discussed earlier, H3K4 residue is mono-, di- or tri-methylated by Set1, and 
H3K4me3 and H3K4me2 are localized at the 5’ end of the genes and downstream of the 
promoter regions, respectively (Briggs et al., 2001; Kim and Buratowski, 2009; Liu et al., 
2005; Pokholok et al., 2005). While H3K4me3 is associated with the active transcription, 
it has been shown that H3K4me2 recruits the Set3 histone deacetylase complex to 
deacetylate the 5’ ends of the genes (Kim and Buratowski, 2009). Apart from ensuring an 
efficient nucleosome assembly behind the fork during S-phase, H3K56Ac might also 
regulate transcriptional homeostasis via interplay with the other histone modifications 
such as H3K4 methylation. H3K56Ac that is incorporated by the replication-dependent 
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nucleosome assembly right behind the replication fork might interfere with the Set1 
activity indirectly by altering the binding affinity of Set1 to the histones, and would 
ensure the prevention of active transcription that is facilitated/promoted by H3K4me3 
temporarily. Further away from the replication fork, Set1 might be able to catalyze this 
reaction without the interference of H3K56Ac due to the deacetylation by Hst3/4. In 
addition, H3K56Ac might crosstalk with some transcription inhibitors to delay 
transcription initiation. Overall, our data confirm that H3K56Ac has both positive and 
negative effect on nascent transcription depending on which stage of cell cycle it is.  
 
Role of H3K56Ac in mammals 
 
       In mammals, it has been shown that H3K56Ac is present in mouse and human ESCs, 
although the exact function and role in these cells is still not known, and the absolute 
H3K56Ac levels is significantly lower than the levels in the budding yeast (~28% in the 
budding yeast, and ~1% in the hESCs) (Tan et al., 2013; Xie et al., 2009). It was shown 
that H3K56ac colocalizes with the stem cell factors Nanog, Sox2 and Oct4 (NSO), and 
loss of this mark leads to the disruption of NSO and pushes cells into the differentiation. 
Based on these results, it can be predicted that H3K56Ac act in a bimodal switch to 
promote pluripotency and prevent differentiation rather than promoting transcription. 
This difference in the role of H3K56Ac between yeast and mammals might be due to the 
significant difference in the H3K56Ac levels. In addition, the low H3K56Ac levels in the 
mammalian ESCs might act as a communicator to maintain self-renewal and pluripotency 
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since any subtle change in this low acetylation level might be used as a signal. Even 
though H3K56Ac is present at low levels in mammalian cells, it shows us a glimpse of its 
potential role in stem cell self-renewal and pluripotency. Investigating its role in ESCs 
via high throughput sequencing methods such as mammalian NET-seq (mNET-seq) or 
TT-seq can be helpful to expand our knowledge about the role of H3K56Ac in stem cells. 
 
       H3K56Ac also has been implicated in several cancer studies (Gao et al., 2019; Li et 
al., 2019; Stejskal et al., 2015). It has been found that overexpression of H3K56Ac 
prevents tumor progression, while loss of H3K56Ac promotes tumorigenesis in liver 
cancer and melanoma (Gao et al., 2019; Li et al., 2019). Even though why or how 
H3K56Ac contributes to tumor progression is still not fully understood, findings such as 
regulation of H3K56Ac by Ras pathway (Gao et al., 2019; Li et al., 2019) indicate that it 
has important roles in tumorigenesis. Therefore, future works targeting H3K56Ac, 
specifically designing tools for upregulation of H3K56Ac, might be utilized in cancer 
treatment. 
 
       Since the H3K56 residue is buried in the globular domain of the histone H3, these 
suggested roles of H3K56Ac are most likely through indirect effects via altering histone 
composition, nucleosome assembly or via recruiting some transcription factors for 
transcriptional regulation. These findings now prompts future works to identify the 
transcription factors that work downstream of H3K56Ac and are crucial in understanding 




INO80C prevents noncoding transcription around the replication origins 
 
       In addition to the histone modifications, chromatin remodeling enyzmes can affect 
transcription dynamically. INO80C has been shown to play roles in replication and 
genome instability (Papamichos-Chronakis and Peterson, 2008; Shimada et al., 2008). It 
is also recruited to the gene boundaries (TSS and TTS) and was shown that it works 
together with the two transcription factors, Mot1 and NC2 to prevent spreading of 
transcription into the intergenic regions (Xue et al., 2017; Xue et al., 2015). Our data 
shows that INO80C is also recruited to the replication origins and prevent initiation of 
noncoding transcription. However, the exact mechanism how INO80C is recruited to the 
replication origins or how it prevents noncoding transcription is still not known. Our data 
show that INO80C recruitment is dependent on the DNA sequence of the replication 
origin. The requirement of the origin DNA suggest that INO80C is recruited by the 
nucleosome-depleted nature of the origins, and ensures proper positioning of the 
nucleosomes surrounding the origins to prevent binding of RNA Pol II. Our data further 
demonstrates that the INO80C is recruited through an independent pathway that does not 
require a pre-RC. We also confirm the recruitment of INO80C to replication initiation 
sites in mESCs, which further suggests a conserved mechanism for INO80C from yeast 




       Mot1 is an ATPase that redistributes TBP from DNA to prevent transcription 
initiation from unwanted regions (Auble et al., 1994). Our NET-seq analyses show that 
the loss of Mot1 leads to increased antisense transcript levels. Indeed, it has been shown 
that Mot1 actively removes TBP from 3’ ends of genes to prevent antisense transcription 
(Koster and Timmers, 2015). These results suggest that both INO80C and Mot1 act on 
suppression of noncoding transcription. Our ChIP-seq analysis reveals that Mot1 is also 
recruited to the replication origins, and it acts together with INO80C to prevent 
noncoding transcription. The distribution of RNA Pol II is altered more dramatically in 
the cells that lack both INO80C and Mot1 compared to the cells that lack only INO80C. 
In the case of cells that lack only INO80C, cryptic PICs that are formed due to the 
absence of nucleosome positioning might be disrupted via the activities of Mot1. 
However, formation of cryptic PICs is exacerbated in the cells that lack both components 
and leads to increase in noncoding transcription.  
 
       Our NET-seq analyses reveal that the nascent transcript levels of ~1200 genes 
decrease following the loss of either INO80C or Mot1. The majority of these genes 
overlap with a group of metabolism genes that were downregulated following loss of 
INO80C as well (Yao et al., 2016). Consistent with this, it has been recently found that 
INO80C plays important roles in metabolic homeostasis (Gowans et al., 2018). Thus, 
decrease in the nascent transcript levels might be solely due to the role of INO80C in 
metabolism. However, it also has been shown that H2A.Z is present at the antisense 
promoters and potentially interfering with the sense transcription (Gu et al., 2015).  
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Consistent with this, we observe an increase in antisense transcript levels in cells that 
lack INO80C. One possibility is that increased H2A.Z incorporation due to the loss of 
INO80C leads to increased antisense transcript levels, and this increase in antisense 
interferes with the sense transcription. Thus, NET-seq analysis in the cells that lack both 
INO80C and SWR1C might help to tease apart the significance of H2A.Z incorporation 
at the 3’ ends of genes and how it interferes with the coding transcription. The other 
component of MINC, NC2 prevents transcription by blocking recruitment of TFIIB 
(Inostroza et al., 1992). We have not looked at the nascent transcript levels in cells that 
lack NC2. However, nascent transcript sequencing in cells that lack NC2, NC2 and Mot1, 
or all three components NC2, Mot1 and INO80 might be helpful to reveal further details 
in the regulation of noncoding transcription and whether there is any interplay between 
these three components. 
 
INO80C as the protector of the genome 
 
       Cells that lack INO80C has been shown to fail to restart stalled replication forks and 
are sensitive to the genotoxic agents (Papamichos-Chronakis and Peterson, 2008; Shen et 
al., 2000; van Attikum et al., 2004). In addition, here we show that the cells that lack 
INO80, Mot1 and NC2 are sensitive to the replication stress agents and their potential 
role in preventing noncoding transcription suggests that this suppression is critical for the 
genome stability. Indeed, our data reveal that the loss of INO80C and Mot1 lead to 
increase in double strand DNA breaks, specifically at origins. Why would loss of 
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INO80C lead to increase in double strand DNA breaks? One possibility is that the loss of 
INO80C might cause constitutive incorporation of H2A.Z around origins, and this might 
lead to increases in transcriptional activity, and thus genome instability. One way to test 
this idea would be utilizing NET-seq and Break-seq to look at the levels of nascent 
transcripts and double strand DNA breaks, respectively, around the origins in cells that 
lack both INO80C and SWR1C. If the increase in noncoding transcription is due to the 
increase in H2A.Z levels, then the genome instability phenotype would be restored to or 
near wild type levels in the cells that lack both INO80C and SWR1C. 
 
       INO80C has been shown to have important roles in cancer as well. Several studies 
found examples of INO80C acting on resolving replication stress. INO80C has been 
shown to restart stalled replication forks after replication stress and has been found on the 
chromatin during S-phase in human prostate cancer cells (Vassileva et al., 2014). In 
addition, it has been shown that the lack of INO80C causes stalled replication forks and 
promotes apoptosis in human colon cancer cells (Lee et al., 2017). These studies suggest 
that INO80C acts to promote tumorigenesis. Therefore, future works targeting INO80C 
in human cancer cells might be helpful for therapeutical purposes.  
 
       In summary, the first part of these studies reveals for the first time that a single 
histone modification regulates transcription globally. In addition, it acts on transcription 
both positively and negatively depending on different cell cycle stages. Moreover, the 
second part of this work confirms that noncoding transcription is a source of genome 
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instability, and the chromatin remodeling enzyme, INO80C suppresses these transcripts 
by ensuring proper nucleosome positioning and efficient origin firing. Together these 
studies deepen our knowledge about the roles of H3K56Ac and provide new insights 



















































Appendix A: NET-seq Analysis for Fast Pol II 
 
Significant Background and Results 
 
       To test the impact of elongation rate on transcription, I did NET-seq analysis in a 
strain that harbors a single amino acid change in the residue E1103 (rpb1-E1103G), 
which makes the RNA Pol II faster than the wild type rate (Malagon et al., 2006). This 
strain is located in the Rpb1 active loop, which plays a major role in NTP selectivity, and 
leads to higher chance of NTP misincorporation (Kireeva et al., 2008; Malagon et al., 
2006). Interestingly, nascent transcript levels in the Fast Pol II did not change 
significantly, and remained similar to the wild type levels (Fig. 5.1A). Differential 
expression analyses revealed that there are 159 genes downregulated (FC≥1.5, 
FDR≤0.05), and 155 genes upregulated (FC≥1.5, FDR≤0.05) by EdgeR. The 5’ to 3’ 
ratio for Pol II occupancy stayed similar between wild type and the Fast Pol II, although 
there was a significant difference compared to another Pol II mutant, Slow Pol II (Fig. 
5.1B). These results show that the faster polymerase speed does not alter the nascent 








Figure 5.1: NET-seq analysis for Fast Pol II. 
 
(A) NET-seq scatterplot showing log2 mean intensity values for an average of two 
biological replicates (n+2) for all coding nascent transcripts (N=5302) between wild type 
and rpb1-E1103G (“fast” Pol II).  
(B) Boxplot showing 5’ to 3’ ratio for RNA Pol II occupancy for wild type (WT), “fast” 
Pol II (FP), and “slow” Pol II (SP). Reads from the TSS to 300 bp downstream were 
summed and divided by the sum of the reads from the TTS to 300 bp upstream. 
Significance and p-values were calculated using Mann-Whitney U-test. Error bars 





































































Strains were derivatives of either W303 (MATa his3-11, 15 leu2-3,112 trp1∆ ura3-1 
ade2-1 can1-100) or BY4741 (MATa his3∆1 leu2∆0 met15∆0). The strain rpb1-E1103G 
(“fast” Pol II) (courtesy of Dr. Stephen Buratowski, Harvard University) for NET-seq 
was modified with a 3xFLAG tag on Rpb3. Unless otherwise noted, cells were cultivated 
in YPD (10% yeast extract, 20% bacterial peptone, and 2% glucose) at 30C. For S. 
pombe strain (JY741, WT Flag-Rbp3) (courtesy of Dr. Makoto Kimura, Kyushu 
University), cells were cultivated in YES (yeast extract, 10X aa supplement and 3% 
glucose). For α factor arrest, cells were grown to a density of 1.5-2.5 x 107 cells/ml in 
YPD and arrested by 5 µg/ml αF for 1.5 hours. Arrest was confirmed by microscopic 
observation after 90 min. 
NET-seq 
NET-seq conditions, immunoprecipitations, isolation of nascent RNA, and library 
construction were carried out as previously described in (Churchman and Weissman, 
2011) for 2 biological replicates for wild type and 2 biological replicates for “fast” Pol II 
(rpb1-E1103G) with several modifications including addition of S. pombe cells as spike-
in control. Briefly, overnight cultures from single yeast colonies were diluted to an 
OD600=0.05 in 1 L of YPD. Cells were grown at 30C until OD600=0.8. Rapamycin was 
added at a final concentration of 8 µg/mL at OD600=0.25 for cells with anchor-away 
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background and cells were grown for 3 h (OD600=0.7-0.8). To normalize the sequencing 
libraries, S. pombe cells were mixed with S. cerevisiae cells at a 1:10 ratio, and the cells 
were harvested by filtration and cryogenic lysis. 3xFLAG-tagged RNA Pol II was 
immunoprecipitated and nascent RNAs were purified using miRNAeasy mini kit 
(Qiagen). Following ligation of pre-adenylated DNA linker onto purified nascent RNAs, 
RNAs were fragmented and reverse transcribed. Resulting cDNAs were circularized 
using DNA Circligase (Lucigen). Final PCR was performed to obtain double stranded 
product to sequence. Size of the library was determined by Fragment Analyzer and the 
concentrations were determined by Qubit 4.0 fluorometer (Invitrogen). 3’ end sequencing 
of all samples was carried out on an Illumina NextSeq 500 with a read length of 75 
(single end). 
NET-seq data preprocessing and normalization 
NET-seq reads were processed and aligned as follows using the Galaxy web platform 
(Afgan et al., 2018). The adapter sequence was (ATCTCGTATGCCGTCTTCTGCTTG) 
removed and the random hexamer sequence was removed from the 5’ end. The 3’ ends of 
the reads were then trimmed for quality using FASTQ Quality Timmer by sliding 
window (Blankenberg et al., 2010) with a window size of 10 and a step size of 5. The 
reads were trimmed until the aggregate score was ≥ 21. Reads were first aligned using 
Bowtie2 (Langmead and Salzberg, 2012; Langmead et al., 2009) to a combined FASTA 
file of S. cerevisiae and S. pombe rRNA, tRNA, and RDN sequences to remove 
contaminating reads. Reads were then aligned to a combined version of the S. cerevisiae 
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genome (SacCer3, SGD) and the S. pombe genome (ASM294v.2, PomBase) with 
TopHat2 (Kim et al., 2013), allowing up to three mismatches. The reads were separated 
by their respective genomes with SAMtools (Li et al., 2009), and only uniquely mapped 
reads were used for further analyses. Libraries were normalized by scaling the uniquely 
mapped S. pombe reads to 100,000 reads. This scaling factor was then used to scale the 
uniquely mapped S. cerevisiae reads. To account for differences between sequencing run 
depth for various NextSeq runs, the pombe-scaled WT S. cerevisiae read counts were 
then scaled to 1 M reads, and this additional scaling factor was included to scale the 
sample reads. Finally, only the 5’ end of the sequencing read, which corresponds to the 3’ 
end of the nascent RNA was recorded and used for downstream analyses. TSS and TTS 
annotation was obtained from (Xu et al., 2009). Read counts for genes and non-coding 
regions were obtained by summing normalized base pair reads over the region of interest. 
For average profiles, BAM files of biological replicates were merged and processed as 
above, and only genes longer than 500 bp were analyzed. Genes were scaled to 500 bp, 
and samples were scored in 1 bp bins using the deepTools program (Ramirez et al., 
2016). Reads were analyzed as in (Harlen et al., 2016). To calculate 5’ to 3’ ratios, the 
sum of reads from 1-250 bp from the TSS were divided by the sum of reads 250 bp 
upstream of the TTS to the TTS. 
Primers used in this study 




RT primer oLSC007(Churchman and Weissman, 2011): 5 
phos/atctcgtatgccgtcttctgcttg/iSp18/cactca/iS p18/tccgacgatcattgatggtgcctacag 3  
Reverse primer oNTI231(Churchman and Weissman, 2011): 5' 
CAAGCAGAAGACGGCATACGA 3'  
Custom primer for NET-seq oLSC006(Churchman and Weissman, 2011): 5' -
TCCGACGATCATTGATGGTGCCTACAG 3'   
Internal RNA control for NET-seq oGAB11(Churchman and Weissman, 2011): 5'  agu 















Appendix B: Break-seq Analysis for INO80-AA swr1∆ 
Significant Background and Results 
       Chapter 3 explores the role of INO80C in transcription around the replication origins. 
One hypothesis from these findings would be that the lack of INO80C might lead to 
H2A.Z accumulation at the nucleosomes around the promoters and the origins, and 
eliminating H2A.Z incorporation in the absence of INO80C might help preventing the 
increase observed in the noncoding transcript levels. For this purpose, I investigated the 
growth phenotype of cells that lack Arp8, which is a subunit of INO80C (arp8∆), that 
lack the SWRC remodeler (swr1∆), or that lack both of these proteins following exposure 
to several genotoxic agents. All mutants showed severe growth phenotype following 
exposure to 100 mM HU (Fig. 5.2A). Surprisingly, the lack of INO80C together with the 
absence of SWR1 suppressed the severe growth phenotype of swr1∆ single mutant (Fig. 
5.2A). These results predict that the active removal of H2A.Z by INO80C might help 
preventing noncoding transcription around promoter regions and replication origins.  
       To further investigate this relationship, I utilized Break-seq to look at double strand 
DNA breaks genome-wide in cells that lack INO80, Swr1 or both proteins. Genome 
browser view for a region of ~ 600 kb at Chromosome XI in S. cerevisiae show that there 
are double strand DNA breaks throughout the genome in cells that lack both INO80 and 
Mot1 (Fig. 5.3A). Surprisingly, the cells that lack both INO80 and Swr1 show reduced 
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levels of double strand DNA breaks compared to the IN080-AA Mot1-AA (Fig. 5.3A). 
These results indicate that the prevention of H2A.Z incorporation by removal of Swr1 
might help maintain genome stability in the absence of INO80C. However, double strand 
DNA break levels in INO80-AA swr1∆ remained similar to the levels in INO80-AA, and 
did not further decrease (Fig. 5.3A). Further analyses to look at the mean double strand 
DNA break levels show that the break levels stay similar for regions around promoters 
(NFRs), or coding regions (ORFs) between different mutants; and show slight decrease in 
INO80-AA swr1∆ compared to INO80-AA specifically around the replication origins 
(ARSs) (Fig. 5.3B). Collectively, these results show that INO80C might help maintain 














Figure 5.2: Loss of INO80C together with the absence of Swr1 suppresses growth 
phenotype of swr1∆. 
 
(A) Wild type and mutant strains were spotted (1/10 dilutions) on YPD media in the 
presence or absence of 0.1M HU, 0.005% MMS or 10 µg/ml CPT, then grown for 3 days 





















Figure 5.3: Break-seq analysis for INO80-AA swr1∆. 
(A). Representative genome browser view of Break-seq for WT-FRB, INO80-FRB, 
swr1∆, INO80-FRB swr1∆, and INO80-FRB Mot1-FRB for a region of ~600 kb in the 
yeast chromosome Chr XI. Notice the increase in intensity of peaks at INO80-FRB Mot1-
FRB, and relative decrease in intensity of peaks at INO80-FRB swr1∆.  
(B). Mean double strand DNA break levels for INO80-FRB, swr1∆, INO80-FRB swr1∆, 
or INO80-FRB Mot1-FRB for NFRs (gray), ORFs (red) and ARSs (blue). The break 







Strains used in this study 
WT W303 MATa his3-11, 15 leu2-3,112 trp1∆ ura3-1 ade2-1 can1-100 
WT-FRB MATα leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15  tor1-1 
fpr1::NAT RPL13A-2 x FKBP12::TRP1 ∆ade2-1::ADE2) (Marc Timmers) 
INO80-FRB strain, isogenic to WT-FRB except INO80-FRB::hyhMX6 (Marc Timmers) 
IN080-FRB Mot1-FRB, isogenic to WT-FRB Rpb3-3xFLAG strain except of INO80-
FRB::hyhMX6 Mot1-FRB::HIS3)  
swr1∆ strain, isogenic to WT-FRB, except of swr1∆::KanMX 
INO80-FRB swr1∆ strain, isogenic to INO80-FRB strain, except of swr1∆::KanMX 
arp8∆ strain, isogenic to WT, except of arp8∆::NAT 
swr1∆ rtt109∆ strain, isogenic to WT, except of swr1∆::HPH rtt109∆::NAT 
swr1∆ arp8∆ strain, isogenic to WT, except of swr1∆::HPH arp8∆::NAT 
Serial Dilution Growth Assay 
Cells were cultured to saturation in 5 mL YPD overnight. Cells were diluted to an 
OD600=0.1 and were grown until OD600=1. Yeast cells were resuspended in sterile dH2O, 
serially diluted 10-fold four times, and 6 µl of each dilution was spotted onto plates of 
indicated media. Where used, methyl methanesulfonate (MMS) was 0.005% wt/vol, 
hydroxyurea (HU) was 0.1M and camptothecin was 5 µg/ml. 
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Break-seq 
Break-seq libraries were prepared as described in (Hoffman et al., 2015) for 2 biological 
replicates. Briefly, overnight cultures were diluted to an OD600 = 0.1 in 100 ml YPD. 
Cells were grown at 30C until OD600 = 0.45-50. Rapamycin was added at a final 
concentration of 8 µg/ml and cells were grown for 1 h (until OD600=1.0). Cells were 
harvested and resuspended in 1ml of 50 mM EDTA. 50 µl of cells were combined with 
50 µl of 1% low melting temperature agarose (Lonza). Following in-gel labeling and 
sonication, libraries were prepared as described in (Hoffman et al., 2015). Paired-end 
sequencing was performed on an Illumina NextSeq 500 with a read length of 75 bp. 
Break-seq data preprocessing and normalization 
FASTQ files from paired end libraries were collapsed by barcode and the Illumina 
adaptor sequence was trimmed from the 3’ ends. Files were uploaded and analyzed using 
the Galaxy web platform (Afgan et al., 2018). Reads were aligned to S. cerevisiae 
genome (SacCer3, SGD) using Bowtie2 with a maximum fragment length for valid 
paired-end alignments set to 500 bp. Aligned reads were then filtered for quality and only 
uniquely mapped paired reads were used for future analyses. BAM files were uploaded to 
SeqMonk and normalized by scaling to 1 million reads. MACS Peak Caller was used to 
identify new peaks in INO80-FRB, Mot1-FRB and INO80-FRB Mot1-FRB biological 
replicates using the mean WT-FRB file as the input (p value 1x10-5, 500 bp fragment 
size). Genome browser views were obtained by generating probes using a running 
window with a probe size of 1000 bp and a step size of 500 bp.  
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Appendix C: Analysis of SWI/SNF Recruitment at Replication Forks in 
Saccharomyces cerevisiae 
 
Significant Background and Results 
 
       It has been previously shown that the mammalian homolog of Swi2, BRG1, 
colocalizes with the DNA replication forks and origin recognition complexes in mice 
(Cohen et al., 2010). Cells that lack Swi2 shows severe growth defect (Parsons et al., 
2004; Xia et al., 2007). Furthermore, it has been reported that the transcriptional 
regulation of RNR3 gene requires the recruitment of the SWI/SNF (Sharma et al., 2003). 
RNR3 is a ribonucleoreductase (RNR) gene that is part of the RNR complex that 
catalyzes ribose to deoxyribose, and increases dNTP pool in the cell for replication 
during S-phase (Reichard, 1988). Out of the S-phase, Sml1 binds to Rnr1, the large 
subunit of the RNR complex, and decreases the dNTP pool by preventing the formation 
of the complex (Andreson et al., 2010; Zhao and Rothstein, 2002). So, I hypothesized 
that SWI/SNF might be recruited to the replication forks following an insult that would 
cause forks to stall in budding yeast.  
 
       To investigate whether SWI/SNF is not involved in the regulation of the signaling 
pathway of the dNTP pool, but solely exerts a chromatin remodeling activity in the 
replication forks, I deleted SML1 in Swi2-AA background. I first analyzed to see whether 
increasing dNTP pool by lack of Sml1 rescue swi2∆ growth phenotype. Tetrad dissection 
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analysis showed a 1:2:1 genotype as wild type:single mutant:double mutant (Fig. 5.4A). 
Both Swi2-AA and Swi2-AA sml1∆ showed severe growth defect following exposure to 
50 or 100 mM HU (Fig. 5.4B). However, swi2∆ sml1∆ double mutant partially 
suppressed the severe growth phenotype observed in single swi2∆ mutant (Fig. 5.4B-C). 
These findings show that Sml1 can suppress the growth phenotype in swi2∆ background. 
       Next, I investigated whether Swi2 is recruited to the stalled replication forks by 
ChIP. After arresting cells in G1-phase by α-factor for 1 hour, cells were exposed to 
0.2M HU for 30 or 60 minutes following release into the S-phase (Fig. 5.5A). Previous 
studies have suggested that INO80C might be recruited to a subset of replication origins 
(Papamichos-Chronakis and Peterson, 2008; Shimada et al., 2008), and the findings from 
the Chapter III indicate that INO80C is recruited to the replication origins. Thus, I 
investigated the occupancy of Arp5 by ChIP at different replication origins, and at the 
vicinity of an early firing replication origin, ARS305 (Fig. 5.5B-C). Arp5 is not recruited 
to the origin ARS305, although there is significant enrichment at 1.5 kb upstream of the 
origin for Arp5 (Fig. 5.5B). The enrichment for Arp5 decreases to a lower level farther 
away from the origin (4.5 kb upstream of the origin) (Fig. 5.5C). Unlike ARS305, a late 
firing replication origin, ARS609 shows enrichment for Arp5 (Fig. 5.5B). On the other 
hand, Swi2 is not recruited to the stalled forks following exposure to HU (Fig. 5.5D-E). 
Overall, these results indicate that Swi2 is not recruited to the replication forks with or 
without DNA replication insult.  
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       Next, I investigated whether lack of Sml1 can rescue the severe growth phenotype 
following loss of Swi2 and exposure to HU (both acute and chronic exposure). For the 
chronic HU exposure, I arrested cells in G1, and released into S-phase with 0.2M HU for 
6 hours, and let cells recover in YPD at 30C. Serial dilution growth assay show that loss 
of Sml1 suppresses the growth defect in the swi2∆ background (Fig. 5.5F). For the acute 
HU exposure, I arrested cells in G1, and released into S-phase with 0.2M HU for 30 or 60 
min, and let cells recover in YPD at 30C. Similar to the chronic HU exposure, loss of 
Sml1 suppressed the growth defect in the swi2∆ background (Fig. 5.5G). 
 
       The growth defect observed in the swi2∆ background might be due to significant 
delays at a particular stage of the cell cycle. To address this question, I performed FACS 
analysis in the wild type and swi2∆ cells by arresting in G2/M with nocodazole (15 
µg/ml) and released into the cell cycle to collect time points for G1, S and G2 stages. The 
cell cycle profile analysis shows that swi2∆ has delay in G1 and S phases of the cell cycle 








Figure 5.4: Loss of Sml1 suppresses growth defect partially in the swi2∆ 
background. 
(A) Spores of two tetrad dissections showing 1:2:1 genotype for wild type: single
mutants: double mutant. 
(B) Wild type and mutant strains were spotted (1/10 dilutions) on YPD media in the
presence or absence of 0.05M HU and 0.1M HU, then grown for 3 days at 30C. 
(C) Wild type and mutant strains were spotted (1/10 dilutions) on YPD media in the
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Figure 5.5: Swi2 is not recruited to yeast replication forks. 
(A) Experimental design for ChIP and spot assay experiments. Asynchronous S.
cerevisiae cells were arrested in G1 phase by α-factor for 1 hour, and then released into 
the S-phase with 0.2M HU. 
(B) Fold enrichment for Arp5 occupancy by ChIP for the origin ARS305, 1.5 kb away
from ARS305 and ARS609 with or without 0.2M HU. Values on the y axis is normalized 
to the actin levels.  
(C) IP/input levels for Arp5 occupancy by ChIP for ARS305, 1.5 kb and 4.5 kb away
from ARS305 with no HU, 30 min HU exposure or 60 min HU exposure (0.2M HU). 
Values on the y axis is normalized to the actin levels. 
(D) IP/input levels for Swi2 occupancy by ChIP for ARS305, 1.5 kb away from ARS305
and ARS501 with no HU, 30 min HU exposure or 60 min HU exposure (0.2M HU). 
Values on the y axis is normalized to the actin levels. 
(E) IP/input levels for Swi2 occupancy by ChIP for ARS305, 1.5 kb away from ARS305
and ARS609 with no HU or 1 hour HU (0.2M HU). Values on the y axis is normalized to 
the actin levels.  
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Figure 5.5: Swi2 is not recruited to yeast replication forks (continued). 
(F-G) Wild type and mutant strains were spotted (1/10 dilutions) on YPD media in the 
presence or absence of 0.2M HU for 6 hours for the chronic HU exposure (F), and for 30-
60 minutes for the acute HU exposure (G), then grown for 3 days at 30C. 
(H) FACS analysis for wild type and swi2∆ following G2/M arrest by nocodazole (1.5
µg/ml) and release into the cell cycle to collect time points as 20, 60, 120 and 180 
minutes after nocodazole release. x axis represents the time point following the 
nocodazole release, and the y axis represents the percentage of the cells present in the 
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Strains used in this study 
WT W303 MATa his3-11, 15 leu2-3,112 trp1∆ ura3-1 ade2-1 can1-100 
Swi2-AA strain, BY4743 MATa/α his3∆1/his3∆1 leu2∆/leu2∆ lys2∆/LYS2 
MET15/met15∆ ura3∆/ura3∆ Swi2::KANMX4/SWI2 
Swi2-AA sml1∆ strain, isogenic to Swi2-AA, except of Sml1::HPH 
 
Serial Dilution Growth Assay 
Cells were cultured to saturation in 5 mL YPD overnight. Cells were diluted to an 
OD600=0.1 and were grown until OD600=1. Yeast cells were resuspended in sterile dH2O, 
serially diluted 10-fold four times, and 6 µl of each dilution was spotted onto plates of 
indicated media. Where used, hydroxyurea (HU) was 0.05M, 0.1M or 0.2M. 
 
ChIP 
All yeast cells were grown in YPD media at 30C in log phase for further treatments. Cells 
were arrested in G1 by 5 µg/ml α-factor for 1 hour, and released into the S-phase with 
0.2M HU for early S-phase arrest. For the ChIP, cells were collected and crosslinked with 
1% formaldehyde. Samples were lysed with glass beads in lysis buffer (50 mM HEPES, 
140 mM NaCl, 10 mM EDTA, 5 mM EGTA, 1% Triton X-100, 0.1% Na-deoxycholate, 
0.5% N-Lauroyl Sarcosine) with protease inhibitors. Chromatin was collected by 
centrifugation, resuspended in lysis buffer and subjected to sonication. The supernatant 
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from sonicated lysates were precleared with Protein A/G beads and ChIP was performed 
as described in (Kitada et al., 2012) using commercial antibodies for Arp5 and Swi2. 
 
Flow Cytometry 
Samples were collected at certain time points at an OD600 of 0.6-0.8. After spinning down 
cells, they were suspended in 70% ethanol for overnight incubation at 4C. Following day, 
cells were sonicated once at setting 3 for 5 seconds (Sonic Dismembrator 550, Fisher 
Scientific). After resuspending in distilled water and then 50 mM Tris (pH 8.0), cells 
were incubated in RNase A (10 mg/ml) at 37C for 3-4 hours. After resuspending in 50 
mM Tris (pH 7.5), cells were incubated in Proteinase K (2 mg/ml) at 50C for 1 hour. 
Then, they were resuspended in FACS buffer (200 mM Tris-HCl (pH 7.5), 200 mM 
NaCl, 78 mM MgCl2). Cells were incubated with 1X Sytox Green before collecting in 
BD FACSDiva Software and analyzing in Flowjo v10.6.0. 
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